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Commercial soybean [Glycine max (L.) Merr.] breeding in the U.S. currently relies on a narrow 
genetic base in which more than half of the genetic contribution, calculated by pedigree analysis, 
comes from only 5 ancestral lines. For decades, but more intensely in recent years, efforts have 
been made to incorporate exotic soybean germplasm into the breeding pool. G. tomentella (2n = 
78), native to Australia, is a perennial relative in the tertiary gene pool of soybean. Although G. 
tomentella has been shown to have high levels of resistance to several diseases, including 
soybean rust and soybean cyst nematode, no effort has been devoted to utilizing this species to 
increase seed yield. The objectives of this research are to identify high yielding lines derived 
from backcrosses between the cultivar Dwight and G. tomentella PI 441001 (2n = 78), and to 
determine the genetic contribution of PI 441001 to these lines. PI 441001 was crossed to Dwight 
and immature seed rescue was used to produce a sterile F1 plant. Amphidiploid plants (2n = 118) 
were produced by treating the F1 hybrid with colchicine. Amphidiploid plants were backcrossed 
to Dwight to obtain BC1 plants. A series of backcrosses were made with seven different BC2 
plants to obtain BC3, BC4, BC5, and BC6 lines with 2n = 40 chromosomes. Preliminary yield 
testing of inbred lines from these crosses was used to select 180 lines in maturity groups (MG) II, 
III, and IV. Yield and other agronomic data were collected in two replication tests at six to eight 
locations in Ohio, Illinois, Missouri and Nebraska in 2013 and 2014. These data identified 
experimental lines in all three MGs that are significantly higher yielding than the recurrent 
parent. All experimental and parental lines were genotyped using genotyping by sequencing. G. 
tomentella introgressions were tested for associations with time of flowering and maturity, 
height, lodging, and yield. Significant associations between G. tomentella single nucleotide 
polymorphism introgressions and all phenotypic traits were identified. On average, 3.9, 2.5, 2.5, 
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Soybean [Glycine max (L.) Merrill] is the world’s most important grain legume crop for 
its protein and oil (Smil, 2000). Commercial soybean breeding in the USA currently relies on a 
narrow genetic base in which more than half of the genetic contribution, calculated by pedigree 
analysis, comes from only 5 ancestral lines. Also, more than 80% of the North American gene 
pool came from fewer than a dozen introductions (Gizlice et al., 1994). For decades, but more 
intensely in recent years, efforts have been made to incorporate exotic soybean germplasm into 
the breeding pool.  
Maintaining genetic variability is a recognized part of any breeding program because a 
broad genetic base is important for continued genetic gains (Fehr, 1991). Modern plant breeding 
is returning to the wild ancestors of crop plants to employ some of the diversity that was lost 
during domestication for the improvement of agricultural yields under optimal as well as stress 
field conditions (Vollbrecht and Sigmon, 2005).  
Crop wild relatives (CWR), including the progenitors of crops as well as other related 
species, provide some of the greatest phenotypic and genetic diversity available to plant breeders 
through wide hybridization. CWR have been undeniably beneficial to modern agriculture by 
providing plant breeders with a broad pool of potentially useful genetic resources (Hajjar and 
Hodgkin, 2007). The utility of CWRs was recognized in breeding programs of major crops in the 
1940s and 1950s and by the 1960s and 1970s this practice was leading to some major breeding 
improvements (Meilleur and Hodgkin, 2004) in disease and pest resistance (Gale and Miller, 
1987; Budin, 1973; Rhodes, 1959; Gentry, 1969; Zohary, 1970).   
Use of CWRs has steadily increased over the decades, providing improved pest and 
disease resistance such as bacterial and fusarial wilt, sigatoka, and burrowing nematode 
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resistance in banana (Musa acuminata Colla) (Novak, 1992; Vuylsteke et al., 1993), powdery 
mildew resistance in barley (Hordeum vulgare L.) (Pickering and Johnston, 2005) and oat 
(Avena sativa L.) (Herrmann, 2006), downy mildew resistance in lettuce (Lactuca sativa L.) 
(Hooftman et al., 2007), yellow rust resistance in wheat (Triticum aestivum L.) (Millet et al., 
2008), cassava mosaic virus resistance (Unnikrishnan et al., 2007) and red rot, smut and 
sugarcane mosaic virus resistance (Saccharum officinarum L.) (Prescott-Allen and Prescott-
Allen, 1986) in sugarcane; tolerance to abiotic stresses such as drought in cassava (Jennings, 
1995) and rice (Oryza sativa L.) (Brar, 2005) and salt tolerance in sunflower (Helianthus annuus 
L.) (Lexer et al., 2004); extended growing period in millet [Pennisetum glaucum (L.) R. Br.] 
(Hanna, 2007); yield improvement in corn (Zea mays L.) (Prescott-Allen and Prescott-Allen, 
1986), potato (Solanum tuberosum L.) (Gur and Zamir, 2004) and rice (Xiao et al., 1996; Brar, 
2005); and improved processing quality of tomatoes (Solanum lycopersicum L.) (Tanksley et al., 
1996; Bernacchi et al., 1998) and the improvement of several other crops (Hajjar and Hodgkin, 
2007; Maxted et al., 2012). The most widespread CWR use has been and remains in disease and 
pest resistance (Maxted and Kell, 2009). 
Species are separated by barriers preventing hybridization and gene flow. Harlan and de 
Wet (1971) proposed an informal three gene pool concept in which species are classified as 
being part of the primary (GP-1), secondary (GP-2), and tertiary (GP-3) gene pools based on 
plant breeders experience with the rate of successful hybridization. GP-1 includes germplasm 
that can be easily hybridized, for example, cultivars, land races, and elite germplasm. Crosses 
within GP-1 species can be made easily and produce hybrids that are vigorous, exhibit normal 
meiotic chromosome pairing and possess total fertility. GP-2 consists of species that can be 
crossed with GP-1 without major problems of F1 infertility. GP-3 is the outer limit of potential 
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genetic resources associated with cultivated species. Crosses with GP-3 species produce hybrids 
that are lethal or totally sterile and gene transfer is not possible without extraordinary techniques 
including embryo culture, grafting, and chromosome doubling. 
Most successful use of wild species to improve yield, a complex trait controlled by many 
genes, has involved species within the primary and secondary gene pools. For example, yield, 
has been improved in the legume crops of common bean (Kelly, 2004) and chickpea (Jaiswal et 
al., 1987; Singh and Ocampo, 1993; Singh and Ocampo, 1997; Singh et al., 2005) using CWRs 
within the primary and secondary gene pools. An earlier attempt to broaden the genetic base of 
soybeans using Glycine soja was demonstrated by Hartwig (1973) who reported highly 
productive, high-protein lines derived from soybean and G. soja hybrids. Using the backcross 
breeding method, Lee et al. (2004) developed sprout soybeans with small seeds (100 mg seed-1) 
and desirable agronomic traits from crosses involving G. soja accession, KLG10084, and two G. 
max cultivars, Eunhakong and Sobaegnamulkong.  
A number of studies have mapped quantitative trait loci (QTL) from G. soja that could 
improve soybean. A G. soja allele with increased seed yield from PI 407305 was identified in a 
BC2 population developed by the advanced backcross method (Concibido et al., 2003). To 
confirm this QTL, Concibido et al. (2003) tested it in six elite soybean backgrounds (AG4501, 
AG2401, QR4459, QP4459, QR4544, and QP4604) but found a significant (P < 0.05) positive 
QTL effect on yield in only two (AG4501 and QP4459) of the six backgrounds indicating that 
the QTL is real but may have limited utility in only backgrounds similar to AG4501 and 
QP4459. They found that the homozygous G. soja marker class yielded 9 and 5% higher than the 
homozygous G. max marker class, in the AG4501 and QP4459 backgrounds, respectively. Wang 
et al. (2004) identified four significant (P < 0.05) yield QTL on linkage groups (LG) C2, E, K, 
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and M from the G. soja PI 468916. The QTL on LG C2 explained 40% whereas the QTL on LGs 
E and M explained 28% of the phenotypic variation for yield. The LG M and K QTL explained 
29% and 38–40%, of the phenotypic variance for yield, respectively. Li et al. (2008) reported 
one positive yield QTL on LG A1 from the G. soja PI 245331. In a validation population, this 
QTL was found to be associated with a 6% yield increase.  
In more recent years, we have developed experimental lines derived from multiple wild 
soybean accessions that are not significantly different from their recurrent soybean parents 
(Akpertey et al., 2014). The percentage G. soja SNP introgression ranged from 9 to 58% among 
BC1 lines and 1 to 32% among the BC2 lines evaluated. From the G. soja donor parent PI 
479767, there were both high and low yielding lines with fewer than 10% G. soja alleles. From 
the G. soja donor parent PI 483461, a high yielding line with 18% G. soja alleles was identified 
but there were also lines with similar percentages of G. soja alleles that were significantly lower 
yielding. The percentage of G. soja alleles was not a good predictor of seed yield. Despite 
intense selection pressure to recover good agronomic types, an average of 13% of alleles in the 
derived BC2 lines came from the G. soja parents (Akpertey et al., 2014).  
Sometimes the primary gene pool does not contain variation for the desired traits; 
therefore, use of more distant gene pools becomes a necessity. Despite the problems of inter-
gene pool hybridization, the need for these types of crosses is great, given that the cultivated 







The use of wild relatives in the tertiary gene pool in crop improvement 
In this section all breeding efforts requiring techniques such as embryo rescue or 
chromosome doubling, and progeny developments involving crossing between species with 
different genomes are included even though it is not clearly indicated that the parents are from 
the tertiary gene pool. 
Tertiary gene pool species are a rich reservoir of useful genes that may not be present 
within the primary gene pool (Collard et al., 2001; Mallikarjuna et al., 2006; Tullu et al., 2006), 
making them an attractive source of genes for breeding. A recent study of 19 agricultural crops 
by Hajjar and Hodgkin (2007) found that crop wild relatives from the tertiary gene pool have 
contributed over 100 beneficial traits into commercial varieties, including pest and disease 
resistance, abiotic stress and salt tolerance, improved quality, and cytoplasmic male sterility. The 
Hajjar and Hodgkin (2007) study also suggested that the contribution of wild relatives to cultivar 
development in many crops is sometimes not well documented, and thus the contribution of wild 
relatives to plant breeding may be greater than acknowledged. 
 
Cereals improvement 
Wheat (Triticum aestivum L.)  
The tribe Triticeae is made up of approximately 325 species of which about 250 are 
perennials and the rest are annuals (Dewey, 1984). The primary gene pool of wheat include the 
hexaploid landraces, cultivated tetraploids, wild Triticum dicoccoides, and diploid donors of the 
A and D genomes to durum and bread wheat. The secondary gene pool consists of the polyploid 
Triticum plus Aegilops species which share one genome with the three genomes of wheat 
(Mujeeb-Kazi, 2003). Due to the similarity among some genomes, and ability to manipulate non-
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homologous chromosomes, wide hybridization within the primary and secondary gene pools is 
fairly easy and has led to some significant successes such as transfer of resistance to a wide 
range of diseases and pests (Mujeeb-Kazi et al., 1996a; Mujeeb-Kazi et al., 2001), as well as 
increased quality, and waterlogging tolerance traits (Hajjar and Hodgkin, 2007).  
The diploid and polyploid species of wheat with non-homologous genomes are classified 
as members of the tertiary gene pool (Mujeeb-Kazi, 2003). The wild grasses in this gene pool are 
genomically quite diverse from wheat, difficult to hybridize, and when successfully combined 
exhibit little to no intergeneric chromosome pairing. Hence, accomplishing beneficial alien 
transfers is time consuming and complex (Mujeeb-Kazi, 2003). In spite of these limitations, 
some significant advancements have been made in the use of tertiary gene pool species for wheat 
improvement. Mujeeb-Kazi et al. (1996b) were successful in producing hybrids between wheat 
and the tertiary species, rye (Secale cereale) and Tinopyrum curvifolium. Similarly, hybrids 
between Secale cereale have been successfully created (Islam-Faridi and Mujeeb-Kazi, 1995). 
Using fluorescent in situ hybridization, both studies were able to identify the chromosomal 
contributions of the wild species to the hybrids but there is no report on the agronomic 
performance of these hybrids.  
Beyond production of hybrids, there has been successful transfer of disease and pest 
resistance from the tertiary gene pool species including Aegilops species, Secale species, 
Critesion species, and Hordeum into wheat which has been the subject of a few reviews (Jiang et 
al., 1994; Sharma, 1995; Friebe et al., 1996). More specifically, Henry et al. (1996) transferred 
resistance to barley yellow dwarf virus from Thinopyrum species into wheat. Also, Thinopyrum 
curvifolium, a tertiary gene pool species of wheat has been used to develop wheat germplasm 
lines with the Lr19 and Bdv2 genes for resistance to rust and barley yellow dwarf virus, 
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respectively (Singh et al., 2001). Similarly, H. sativum derivatives with Thinopyrum curvifolium 
in its pedigree and resistant to helminthosporium leaf blight have been developed (Mujeeb-Kazi 
et al., 1996c). Techniques such as embryo rescue and tissue culture were important in making the 
aforementioned wide hybridizations in wheat successful. 
In attempts to override the complex phases of gene transfers via classical cytogenetics, a 
novel integrated strategy that exploits the Ph locus (Sears, 1977) on chromosome 5B and 
operates on the wheat × maize haploid (Mujeeb-Kazi, 2000) mechanism has been structured 
(Mujeeb-Kazi, 2001). This strategy involves the use of polymerase chain reaction to detect 
haploid plants with the ph locus, fluorescent in situ hybridization to detect translocations, and C-
banding to identify the chromosomes with meiotic cytology. This is followed by the use of 
colchicine to double the chromosome number of the haploid plants and selfing the amphidiploid 
a few times to produce progeny with homoeologous and/or non-homoeologous translocations. 
This approach has the potential of producing translocations swiftly and also allows researchers to 
exploit previously generated germplasm stocks that are maintained in gene banks. This strategy 
is widely used and expected to facilitate more distant genetic transfers from the wheat tertiary 
gene pool in the future.  
 
Sorghum (Sorghum bicolor (L.) Moench)  
The genus Sorghum consists of 22 species that are classified into five sections: 
Eusorghum, Heterosorghum, Chaetosorghum, Parasorghum, and Stiposorghum (Lazarides et al., 
1991). S. bicolor is a member of the section Eusorghum along with S. propinquum (Kunth) 
Hithch. and S. halepense (L.). The remaining 4 sections contain 19 species considered to be in 
the tertiary gene pool of sorghum (Kuhlman et al., 2008). The wild species of sorghum have 
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known pest/disease resistance, drought tolerance and novel starch properties (Rao et al., 2003; 
Shapter et al., 2008), that could significantly increase the grain sorghum breeding gene pool. 
Most sorghum breeding efforts have mainly used the primary gene pool of diverse 
germplasm within the species S. bicolor mainly due to the relative ease with which intraspecific 
crosses are made (Duncan et al., 1991). Crosses involving species within the tertiary gene pool, 
however, have been largely unsuccessful due to pre- and post-zygotic incompatibilities with only 
a few successful examples in the literature. The strong barriers to crossing between the primary 
and tertiary gene pool species of sorghum have been overcome by embryo rescue and tissue 
culture techniques (Hodnett et al., 2005; Price et al., 2005) and as result Price et al. (2006) 
reported interspecific hybrids between S. bicolor and the tertiary gene pool species: S. 
macrospermum, S. nitidum (Vahl) Pers., and S. angustum S.T. Blake. In their study, interspecific 
hybrids were verified morphologically and cytologically, but only hybrids with S. 
macrospermum survived to maturity. Similarly, viable hybrids between S. bicolor and S. 
macrospermum have now been developed and progressed through to advanced breeding lines 
(Kuhlman et al., 2008). Even though there are only a few examples in the literature where 
tertiary gene pool species have been used in sorghum improvement, tissue culture techniques 
such as embryo rescue coupled with development of genomic tools in the future may make 
further exploration of these species worthwhile.  
 
Rice (Oryza sativa L.)  
The genus Oryza consists of two cultivated species O. sativa and O. glaberrima and 
twenty one wild species, which show a wide range of diversity (Vaughan, 1989). The genus 
Oryza has been classified into nine genomes where Oryza sativa, O. glaberrima, O. nivara, O. 
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rufipogon, O. barthii, O. longistaminata, O. glumaepatula, and O. meridionalis belong to the AA 
genome. The only species in the BB genome is O. punctate whereas O. officinalis, O. rhizomatis 
and O. eichingeri are classified as CC genome species. O. minuta belong to the BBCC genome 
and O. latifolia and O. grandiglumis belong to the CCDD genome. The EE and FF genomes 
include O. australiensis and O. brachyantha, respectively and the HHJJ genome includes the 
species O. redleyi and O. longiglumis. The species O. granulate belongs to the GG genome 
whereas Porteresia and coarctata belong to the HHKK genome (Khush, 2004).  
  The wild species in the AA genome can easily be crossed with O. sativa and genes from 
them can be transferred by conventional crossing and backcrossing procedures. However, wild 
species with other genomes are difficult to cross and in some cases produce sterile hybrids. That 
notwithstanding, there has been some successful hybridizations and transfer of genes of 
agronomic importance from the non-AA genomes species into rice using embryo rescue 
techniques coupled with backcrossing methods. Using these techniques and approaches, Jena and 
Khush (1990) successfully introgressed genes for resistance to the brown and white-backed 
planthoppers from O. officinalis into rice. In this study, embryo rescue was important in 
obtaining F1 hybrids but not subsequent backcross progenies. Out of the 82 BC2F1 plants 
screened, they found 22 and 25 to be resistant to brown and white-backed planthoppers, 
respectively. Following this study, Jena et al. (1992) identified with restriction fragment length 
polymorphism markers (RFLP) the locations of the O. officinalis chromosomal segments that 
had been introgressed into O. sativa. From analyzing fifty-two BC2F8 introgression lines (Jena 
and Kush, 1990) with 174 RFLP markers, they identified 28 O. officinalis-specific markers on 11 
of the 12 rice chromosomes to be associated with brown planthopper resistance. Similarly, 
following embryo rescue and evaluation of backcross progeny, lines that are resistant to brown 
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planthopper have been developed from using a non-AA genome wild species, O. minuta (Brar, 
1996) which is different from the species from which resistance has been introgressed from the 
two previously discussed studies.  
In the early 2000s, some studies focused on mapping the resistance to brown planthopper 
from crosses involving rice and some of its non-AA genome wild relatives. One such study is 
Huang et al. (2001) who mapped brown planthopper resistance from an F3 population that had 
been derived from an O. sativa × O. officinalis cross. The authors did not state whether embryo 
rescue was employed in obtaining the initial F1 hybrid of the cross for their study. However, 
analyzing 250 individuals with 6 RFLP markers, they found two genomic regions on 
chromosome 3 (14.3 cM interval) and chromosome 4 (0.4 cM interval), respectively that are 
known to contain genes for brown planthopper resistance. Also, Liu et al. (2001) successfully 
mapped brown planthopper resistance introgressed into rice but from a different non-AA genome 
wild species, O. eichingeri. In that study, an F1 was obtained after rescuing 11–13 day old 
embryo in culture and after performing RFLP marker (150) and simple sequence repeat marker 
(16) analysis on 184 BC1F1-derived lines, they found a location on chromosome 2 being 6.1 cM 
and 5.5 cM away from two simple sequence repeat markers, respectively to be significantly 
associated with brown planthopper resistance.  
In addition to pest resistance, there has been successful introgression of disease resistance 
from the non-AA genome wild species into rice using embryo rescue techniques. Amante-
Bordeos et al. (1992) reported the successful transfer of bacterial blight resistance and blast 
resistance from O. minuta into rice. To transfer the resistance from the wild species, backcross 
progenies were produced from interspecific hybrids between O. sativa and O. minuta by 
backcrossing to the O. sativa parent followed by embryo rescue. The O. sativa cultivar 
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(IR31917-45-2) is susceptible whereas the O. minuta accession (101141) is resistant to bacterial 
blight and blast. A total of 18 F1 hybrids were obtained after embryo rescue and were vigorous, 
perennial, and tillered profusely but were intermediate between the two parents for characters 
such as panicle type, panicle length, and panicle width. All F1 progeny were identified to be 
resistant to blast and bacterial blight. Additionally, all BC1 plants were resistant to bacterial 
blight whereas all but one BC1 plant were resistant to blast. Also, thirteen of the 16 BC2 plants 
were identified to be resistant to blast and of the 98 BC2F2 plants screened, 26 were inferred to 
be homozygous resistant, 20 to be homozygous susceptible, and 52 inferred to be heterozygous. 
Of the 52 heterozygous BC2F2 families, 48 showed a 3R:1S bimodal distribution, and 4 showed a 
greater proportion of intermediate reaction types to blast. They also identified five of the BC1 
plants tested to be resistant to bacterial blight. Similarly, following embryo rescue and evaluation 
of backcross progeny, lines that are resistant to bacterial blight have been developed from using a 
non-AA genome wild species, O. brachyantha (Brar, 1996). 
All the previously discussed studies involve sexual hybridization but since it is difficult 
to produce hybrids between rice and some of its related and distant species, transgenic 
approaches to introduce genomic DNA from tertiary gene pool species and other related species 
into rice have been explored. Song et al. (1995) successfully cloned a dominant gene for 
resistance to blight from an AA-genome wild relative (O. longistaminata) and transferred into 
transgenic versions of commercial cultivars of rice, which showed the same level of resistance as 
observed in the wild relative from which the gene was cloned (Zhai et al., 2001). Similarly 
through particle bombardment, Abedinia et al. (2000) successfully introgressed genomic DNA 
from Zizania palustris, a distant rice relative into rice. In that study, 250 transgenic plants were 
recovered with grain characteristics such as black color and terminal awn from the wild rice. 
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Fertility of the transgenic plants varied but all plants set seeds. Amplified fragment length 
polymorphism (AFLP) analysis revealed that a significant amount of DNA from Zizania 
palustris was introduced into rice with one plant observed to have 16 of a possible 122 Zizania-
specific AFLP markers. 
 
Vegetables improvement  
Tomato (Solanum lycopersicum)  
Tomato production and hence profitability has been improved through the incorporation 
of over 40 disease resistance genes, increased drought and salinity tolerance (Hajjar and 
Hodgkin, 2007) and improved quality and size (Tanksley and McCouch, 1997) mainly from the 
primary and secondary gene pools species, Lycopersicon cheesmanii, L. pennellii, and L. 
pimpinellifolium. The tertiary gene pool of tomatoes consists of two species in the Lycopersicon 
genus (Lycopersicon chilense and Lycopersicon peruvianum), plus two species of Solanum, S. 
lycopersicoides and S. tuberosum (Prescott-Allen and Prescott-Allen, 1983).   
L. peruvianum is known to be one of the most distantly related to tomato; therefore, 
embryo rescue is usually required to obtain viable F1 hybrids between these two species (Miller 
and Tanksley, 1990). It has been the source of genes conferring resistance to several bacterial 
diseases such as bacterial canker, bacterial speck, and bacterial spot; fungal diseases including 
corky root, early blight, powdery mildew, and verticillium wilt; resistance to potato eel nematode 
and resistance to viral diseases such as beet curly top, cucumber mosaic, and tomato yellow leaf 
curl (Rick and Chetelat, 1995). Additionally, L. peruvianum is the source of many widely 
deployed resistance genes now critical for commercial tomato production, including resistance to 
root knot nematode (Mi), tobacco mosaic virus (Tm2a), and tomato spotted wilt (Sw-5) (Kalloo, 
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1991). Another successful use of L. peruvianum to improve tomato is documented by Fulton et 
al. (1997) who conducted a QTL analysis of a BC3 backcross population developed between L. 
peruvianum and L. esculentum. From this study, 166 QTL were identified for 29 agronomic traits 
evaluated. For more than half of those 29 traits, at least one QTL was detected for which the 
presence of the wild allele was associated with an agronomically beneficial effect. The study also 
could follow eight QTL for fruit weight through the BC1, BC2, and BC3 generations, showing the 
authenticity of these QTL.  
Unlike L. peruvianum, L. chilense genes have been mainly used to increase drought and 
salinity tolerance as reviewed by Rick and Chetelat (1995). That notwithstanding, there has been 
successful mapping of disease resistance QTL from L. chilense as exemplified by Stamova and 
Chetelat (2000) who mapped cucumber mosaic virus resistance introgressed from L. chilense 
into tomato from BC1 derived inbreds. In their study, eight BC1 inbreds were inoculated with 
three isolates of cucumber mosaic virus (CMV-113A, CMV-KC119, and CMV-S) to determine 
resistance and or susceptibility of the inbred lines to the pathogen. Also, the inbred lines were 
analyzed with restriction fragment length polymorphism markers and isozyme markers to 
determine genomic regions introgressed from L. chilense that were conferring resistance. The 
study found L. chilense-specific markers on chromosome 12, with some resistant lines containing 
a single introgression comprising the entire short arm and part of the long arm of this 
chromosome. The L. chilense-specific markers on chromosome 12 were found to be significantly 
associated with cucumber mosaic virus resistance.   
In recent years, novel traits such as resistances to tomato yellow leaf curl virus, cucumber 
mosaic virus, tomato spotted wilt virus, as well as fruit quality traits such as elevated antioxidant 
compounds have been bred from L. chilense into tomato (Chetelat et al., 2009). 
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Allium species  
The genus Allium includes many vegetable crops containing about 700 species. Onion 
(Allium cepa L.), Japanese bunching onion (A. fistulosum L.), garlic (A. sativum L.), and wild 
leek (A. ampeloprasum L.) belong to the most important cultivated vegetable species of the 
Allium genus (Kik, 2002). Within the edible Alliaceae, there have been successful interspecific 
hybridizations targeted at disease resistance (such as onion smut, pinkroot, onion leaf blight, and 
onion yellow-dwarf virus), odor improvement (Kik, 2002), and creating genetic variation 
(Yanagino et al., 2003). In the disease resistance breeding endeavors, the predominantly used 
species have been A. fistulosum, A. roylei, and A. galanthum (Khrustaleva and Kik, 2000). 
Though all the aforementioned species are diploid and have the same chromosome number (2n = 
2x = 16) as onion, embryo rescue techniques have been very important in obtaining F1 plants and 
subsequent introgression of traits of economic importance in crosses between these species and 
onion (Adamus, 2004).  
The first successful interspecific hybridization between A. cepa and A. fistulosum was 
conducted in 1931 (Emsweller and Jones, 1935). Unfortunately, the authors reported that the 
efficiency of obtaining A. cepa × A. fistulosum hybrids was very low (from several hundred hand 
pollinations only seven seeds were secured, from which only one seedling survived). The 
hybridization was repeated in 1933 but resulted in 110 seeds, from which 25 interspecific A. 
cepa × A. fistulosum hybrids were obtained. Van der Valk et al. (1991) also used in vitro cultures 
and obtained an increased embryo rescue rate as well as increased number of progenies from A. 
fistulosum × (A. cepa × A. fistulosum) crosses. They obtained 12 plants out of the 24 F1 cultured 
embryos that survived transfer to soil. Also, 100 BC1 plants were obtained with the application 
of embryo rescue but no report is given on the performance of these hybrids and backcross plants 
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in the greenhouse and or field. In recent years, Adamus (2004) applied embryo rescue technique 
and as a result obtained 67 F1 (A. cepa × A. fistulosum) hybrids. Even though more F1 plants 
were obtained in their study, there were many difficulties in backcrossing the F1 plants to the 
bulb onion due to hybrid sterility (Khrustaleva and Kik, 2000).  
Despite the increased number of progeny from the A. fistulosum × (A. cepa × A. 
fistulosum) crosses in the aforementioned studies, other options have been explored in attempts 
to introgress genes from A. fistulosum into onion. One such approach is performing a bridge-
cross with A. roylei which had been showed by Van der Meer and de Vries (1990) to hybridize 
successfully with A. cepa. Also, Van Raamsdonk et al. (2000) indicated that this species is like 
A. cepa and A. fistulosum, belonging to the same subgenus, Rhizirideum, making it a good 
candidate to function as a bridge between A. cepa and A. fistulosum. In the late 1990s, by using a 
unique multi-color genomic in situ hybridization method, Khrustaleva and Kik (1998) showed 
that the three parental genomes in the first generation bridge cross [A. cepa × (A. fistulosum × A. 
roylei)] could be distinguished from each other, pointing at significant differences in repetitive 
DNA composition among the three species. A meiotic analysis of the first generation bridge 
cross revealed a high percentage of bound bivalent arms (82.6%) at metaphase 1. However, some 
degree of genome instability still existed because of the presence of occasional univalents in 
meiosis. Nonetheless, pollen fertility in the first generation bridge-cross was high. Another 
successful use of A. roylei as a bridge candidate between A. cepa and A. fistulosum was 
demonstrated by Khrustaleva and Kik (2000) who produced bridge-cross hybrids that combined 
parts of A. cepa, A. fistulosum, and A. roylei genomes with the first and second generations of 
bridge-cross populations being fertile. 
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Apart from using A roylei as a bridge candidate, it has been used in direct crosses with A. 
cepa, especially as a source of resistance against important diseases of onion such as downy 
mildew (Peronospora destructor, De Vries et al., 1992a), onion leaf blight (Botrytis squamosa, 
De Vries et al., 1992b) and anthracnose (Colletotrichum gloeosporioides, Galvan et al., 1997). 
Using tissue culture techniques such as embryo rescue coupled with conventional breeding 
approaches, Van der Meer and de Vries (1990) successfully backcrossed complete resistance to 
downy mildew from partially fertile A. cepa × A. roylei hybrids into bulb onion. Similarly, 
Kofoet and Zinkernagel (1990) reported that an interspecific hybrid between A. roylei × A. cepa 
is completely resistant to downy mildew. Chuda and Adamus (2005) successfully obtained 173 
interspecific A. cepa × A. roylei hybrids using embryo rescue techniques but there was no report 
on what genes might have been transferred from A. roylei into onion.  
 
Brassicas  
The Brassicaceae family is a species complex made up of over 3795 species belonging to 
360 genera. The six economically important species of the Brassicaceae family are Brassica 
rapa (AA, 2n = 20), Brassica oleracea (CC, 2n = 18), Brassica nigra (BB, 2n = 16), Brassica 
napus (AACC, 2n = 38), Brassica carinata (BBCC, 2n = 34), and Brassica juncea (AABB, 2n = 
36) (Gómez-Campo, 1999). B. napus, B. carinata, and B. juncea are considered to be in the 
primary gene pool whereas B. oleracea, B. nigra, and B. rapa are considered to be in the 
secondary gene pool of Brassica (Snowdon et al., 2007). Even though these species do not 
belong to the tertiary gene pool, examples from interspecific hybridizations among some of them 
will be presented since they have different genomes.  
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The interspecific hybridization between some of these species has aimed at introducing 
good agronomic traits from one species to the other or increasing genetic diversity. Some of the 
interspecific crosses produce many viable hybrid seeds, e.g., B. napus × B. rapa and B. juncea × 
B. rapa; and in these cases, application of special cell and tissue culture techniques are not 
needed. While in other crosses, e.g., B. napus × B. oleracea, B. napus × B. nigra, and B. juncea × 
B. oleracea, it is extremely difficult to obtain viable hybrid seeds (Downey et al., 1980; Bennett 
et al., 2008) and embryo rescue techniques, e.g., embryo culture (Rahman, 2004a) or ovule 
culture (Bennett et al., 2008) are needed.  
Several important traits have been introgressed from other diploid species in the 
Brassicaceae family into Brassica napus, an amphidiploid species resulting from hybridizations 
in nature between B. rapa and B. oleracea. For example, in the early 1970s and 1980s, resistance 
to clubroot (Plasmodiophora brassicae) was introgressed from B. rapa to B. napus (Johnston, 
1974; Gowers, 1982). Resistance to another important pest, cabbage aphid (Brevicoryne 
brassicae) was successfully transferred from B. oleracea to B. napus (Quazi, 1988). There has 
also been successful transfer of important agronomic traits from B. napus to other diploid 
species. Some examples include the transfer of triazine resistance (Ayotte et. al., 1988) to B. 
oleracea and resistance to white rust (Albugo candida) race-7 to B. rapa (Scarth et al., 1992). In 
recent years, Bennett et al. (2008) successfully transferred zero-erucic acid alleles from B. napus 
into B. oleracea. 
In addition to the successful transfer of important traits among some of the important 
species within the Brasicaceae family, some researchers have attempted to resynthesize the 
naturally occurring B. napus in the hope to broaden genetic variation or transfer specific 
important traits including disease resistance and yield. As far as yield is concerned, Seyis et al. 
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(2006) evaluated hybrids developed from 9 resynthesized B. napus lines and two male sterile 
testers in two replication tests in two locations in Germany and one location in Denmark. They 
reported that there was up to 16% higher seed yield in hybrids, compared with open-pollinated 
checks. 
For disease resistance breeding through the resyntheses of B. napus, one strategy has 
been to select resistant accessions of both diploid parental species [Brassica oleracea (CC, 2n = 
18) and Brassica rapa (AA, 2n = 20)] to produce resistant progeny. Using this approach, Crouch 
et al. (1994) were successful in developing lines that were resistant to the fungal pathogen, 
Phoma lingam. Similarly, B. napus lines resistant to the fungal pathogen, Plasmodiophora 
brassicae have been developed (Diederichsen and Sacristan, 1996). In both of these studies the 
resistance to the fungal pathogen came from the B. rapa parent. In recent years, Rygulla et al. 
(2007) resynthesized B. napus for another fungal pathogen, Verticillium longisporum resistance 
in oilseed rape. In this study, a total of 43 B. rapa and B. oleracea resistant donors were tested 
with regard to their reaction to a mixture of two aggressive V. longisporum isolates. Resistance 
from diverse lines were combined by embryo rescue-assisted interspecific hybridization in the 
resynthesized rapeseed lines. The authors found that progenies from crosses of the two B. rapa 
gene bank accessions 13444 and 56515 to the B. oleracea gene bank accessions BRA1008, 
CGN14044, 8207, BRA1398, and 7518 showed a broad spectrum of resistance in pathogenicity 
tests. Of 45 resynthesized lines that were tested, 41 lines exhibited a significantly higher level of 
resistance than the moderately V. longisporum-tolerant oilseed rape cultivar, Express. These lines 
represent a promising basis for the combination of different resistance resources in new varieties.  
Apart from resistance to fungal pathogens, resistance to viral diseases have also been 
successfully mapped using populations derived from resynthesized B. napus. Notable among 
19 
 
such studies are Walsh (1999) who mapped the dominant gene, TuRB01, that confers resistance 
to Turnip mosaic virus (TMV) and Dreyer et al. (2001) who mapped a major quantitative trait 
locus (QTL) for resistance to Turnip yellow virus (TuYV) from a resynthesized B. napus 
population. The major QTL identified in the Dreyer et al. (2001) study explained 50% of the 
phenotypic variation. Both studies used doubled haploid populations from B. napus and 
restriction fragment length polymorphism markers but the major gene for TMV was mapped to 
linkage group MS17 whereas the major QTL for TUV was identified on linkage group N6.  
Other important traits apart from yield and resistance to pathogens have been successfully 
transferred by resynthesizing B. napus from its parental species B. oleracea and B. rapa. Specific 
traits such as earliness (Akbar, 1989), yellow seed color (Rahman, 2001), and self-
incompatibility (Rahman, 2004b) have been transferred into B. napus using this approach. 
Additionally, some other achievements made by resynthesizing B. napus include broadening the 
genetic base (Jesske et al., 2011), as well as fixing the heterotic effect arising from interaction 
between alleles from the two parental genomes (Abel et al., 2005).  
 
Legume improvement  
Clover  
The genus Trifolium or clover includes 290 annual and perennial species of which 20 are 
agriculturally important forage species (Roy, 2011). In particular Trifolium repens (white clover, 
2n = 32) and Trifolium pretense (red clover, 2n = 14) are widely used in temperate livestock 
agriculture. Interspecific hybridization in Trifolium is very difficult to obtain by conventional 
crossing techniques, since strong pre- and post-fertilization barriers exist in the genus (Roy, 
2011). As such interspecific crossing programs within this genus have been carried out for more 
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than 50 years, in many cases involving embryo rescue or ovule culture techniques (Abberton, 
2007). There are only a few reports in the literature on the development of interspecific hybrids 
in Trifolium under natural conditions (without tissue culture techniques). Examples include 
successful hybridization between T. ripens and the species T. occidentale, T. uniflorum, and T. 
ambiguum (Gibson, 1971; Williams, 1978) and Marshall et al. (1995) who carried out successful 
hybridization between T. repens and T. nigrescens without embryo culture. In general, the aims 
of the interspecific crossing programs involving the use of embryo rescue have been twofold: to 
aid understanding of evolutionary relationships within the genus and to introgress useful traits 
predominantly into white or red clover.  
In the case of white clover, the greatest efforts have been made with respect to crossing 
with Trifolium nigrescens and Trifolium ambiguum (Abberton, 2007). Novel germplasm has 
been developed and useful traits transferred (resistance to the major pest clover cyst nematode 
from T. nigrescens to white clover, Hussain et al., 1997), although no material has yet been 
commercialized. Williams et al. (1982) used ovule culture to produce hybrids with some degree 
of fertility between T. repens and T. ambiguum. These hybrids showed traits intermediate 
between the two parents. Also, using ovule culture, Yamada et al. (1989) produced F1 hybrids 
between tetraploid T. ambiguum and white clover, but these were of very low fertility and did not 
grow well in the field. Similarly, using embryo culture, Meredith et al. (1995) created hybrids 
between tetraploid T. ambiguum and T. repens using ovule culture. The F1 was male sterile, but a 
backcross generation was produced following T. repens pollination of unreduced F1 gametes 
with 48 chromosomes and from these second generation backcross plants (BC2) were developed. 
This work provided evidence of chromosome pairing between the two genomes and therefore 
established the potential for introgression. Abberton et al. (1998) showed that BC3 plants were 
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similar in morphology to white clover but had on average approximately 3% of the plant dry 
weight as rhizomes. There was variation in the allocation of dry matter to stolons and rhizomes, 
indicating scope for further selection. Marshall et al. (2001) also showed significant enhanced 
drought tolerance of the BC2 plants in comparison to white clover after subjecting the backcross 
and parental generations to six cycles of drought over 2 years. 
The main emphasis with respect to red clover has been increasing longevity through 
crosses with more persistent species, particularly Trifolium medium. Armstrong and Cleveland 
(1970) developed hybrids between a synthetic autotetraploid red clover and the diploid T. 
pallidum. A number of vigorous F1 plants were produced which showed an annual habit, little 
crown growth, and many stems. Merker (1988) used embryo rescue techniques to develop 
hybrids between tetraploid red clover and T. medium and Trifolium alpestre. Phillips et al. (1982) 
generated 11 full sib families from F1 plants derived from crosses between T. pretense and T. 
sarosiense. In this study, 10% of embryos were successfully rescued and hybrids showed red 
clover leaf markings but no crown growth. Later, Phillips et al. (1992) used in vitro embryo 
rescue techniques to develop hybrids between T. alpestre and red clover. The F1 plants were 
morphologically similar to T. alpestre. Sawai et al. (1990) used a synthetic tetraploid red clover 
to produce hybrids in crosses with T. medium through embryo culture. In a subsequent approach, 
Sawai et al. (1995) doubled the chromosomes of an F1 hybrid between T. medium and T. 
pretense and produced fertile backcrosses to red clover with rhizomes. Isobe et al. (2002) 
developed four generations of backcrosses between red clover and T. medium with red clover as 
the recurrent parent and assessed fertility and vigor. The transfer of the rhizomatous habit from 
T. medium was demonstrated but did not extend beyond the BC1. However, fertility was 
sufficient to give potential for use in selections for increased persistency. Paplauskiene et al. 
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(2004) demonstrated the improvement of T. hybridum (alsike clover) through the introgression of 
the rhizomatous trait from T. ambiguum. 
 
Peanut (Arachis hypogaea L.)  
Peanut is an allotetraploid (2n = 2x = 40) with “AA” and “BB” genomes. The diploid 
progenitors, A. duranensis and A. ipaensis, contributed “AA” and “BB” genomes, respectively, 
to the cultivated peanut (Kochert et al., 1996). All species, except the cultivated species (A. 
hypogaea and A. monticola) in the Section Arachis, and certain species in the Section 
Rhizomatosae are diploid (2n = 2x = 20). The genetic diversity of the genus is classified into 
primary consisting of A. hypogaea and A. monticola, secondary consisting of diploid species 
from the Section Arachis that are cross-compatible with A. hypogaea, tertiary consisting of 
species of the Section Procumbentes that are weakly cross-compatible with A. hypogaea, and a 
fourth gene pool consisting of the remaining wild Arachis species classified into seven other 
sections (Singh and Simpson, 1994). 
The Arachis wild relatives used in peanut improvement have been described as GP-2 
(Mallikarjuna, 2003). However, because chromosome doubling is required for some 
hybridization, these species could be considered GP-3. Several germplasm lines have been 
released to breeders with documented multiple disease and insect resistance (Moss et al., 1997), 
root-knot nematode resistance (Stalker et al., 2002a), insect resistance (Stalker and Lynch, 2002), 
and leaf spot resistance (Stalker et al., 2002b) using the wild relative, A. cardenasii. The pathway 
for introgression employed in these studies was the “triploid/hexaploid” method which directly 
crosses tetraploid A. hypogaea (2n = 4x = 40) with a diploid Arachis relative (2n = 20; Simpson, 
2001). Fertility of the triploid is recovered through chromosome doubling with colchicine and 
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the resulting hexaploid is subsequently serially self-fertilized or backcrossed with A. hypogaea 
until recovery of a stable 2n = 4x = 40 state is achieved (Simpson, 2001).   
A second pathway for introgression in peanut that has been used extensively is the 
“diploid/tetraploid” method. This method involves the crossing of two wild diploid species (2n = 
2x = 20), followed by colchicine treatment to create a 2n = 4x = 40 amphitetraploid (Simpson, 
2001). The amphiploid may then be hybridized with A. hypogaea, producing a tri-species hybrid. 
Several germplasm lines developed with this technique with leaf spot and root-knot nematode 
resistance (Simpson et al., 1993), multiple disease and insect resistances (Reddy et al., 1996), 
and rust and late leaf spot resistance (Singh et al., 2003) have been released. Perhaps the most 
significant outcome of this approach is the release of two peanut cultivars (Coan and 
NemaTAM) with wild genes for root-knot nematode (Meloidogyne arenaria (race 1)) resistance 
(Simpson and Starr, 2001; Simpson et al., 2003). These cultivars resulted from crosses and 
backcrosses of the synthetic amphidiploid (T x AG-6) (Simpson et al., 1993) which was obtained 
by crossing a hybrid AA genome donor (A. cardenasii × A. diogoi) with a BB genome species A. 
batizocoi, and the resultant sterile hybrid was treated with colchicine to double the chromosome 
number and regain fertility. The genetic variation of this amphiploid (T x AG-6) allowed the 
construction of the tetraploid peanut map (Burow et al., 2001). 
 
Common bean (Phaseolus vulgaris L.)  
Common bean has had a long history of attempts to make use of its wild relatives 
including species from the tertiary gene pool. While wide hybridization introgressions are 
limited (Debouck, 1999), breeding for common bacterial blight (CBB; caused by Xanthomonas 
axonopodis) resistance has been successful. Despite the diversity of P. vulgaris germplasm, 
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resistance to CBB is, at best, found at moderate levels (Singh and Muñoz, 1999). Thus, breeders 
have long looked to its relatives, including the scarlet runner bean (P. coccineus) of GP-2 with 
higher levels of resistance, and the tepary bean (P. acutifolius) of GP-3 with the highest levels of 
resistance (Singh and Muñoz, 1999).  
Using embryo rescue and in vitro culture technique, Honma (1956) produced P. vulgaris 
(cv. Montana No. 5) × P. acutifolius (Tepary #4) hybrids. Out of this cross, a CBB resistant 
cultivar Great Northern Nebraska No. 1 (GN #1) was developed (Coyne and Schuster, 1974). 
GN #1 was and remains an important source of CBB resistance (Asensio et al., 2005) and it was 
long assumed the resistance was derived from the tepary bean parent (Miklas et al., 2003). 
However, evidence disputed this assumption, and Miklas et al. (2003) demonstrated conclusively 
using genotypic data that the CBB resistance was derived primarily, if not entirely, from the 
common bean parent. Furthermore, a marker analysis showed very few contributions of Tepary 
#4 to GN #1, suggesting much of P. acutifolius genome was excluded, likely through a 
combination of genetic incompatibilities and selection for the common bean phenotype (Miklas 
et al., 2003). Thus, despite the importance of GN #1, it is unclear how much, if any, of the P. 
acutifolius contribution is of agronomic significance. Recent work has also generated newer P. 
vulgaris × P. acutifolius hybrids including germplasm lines (Miklas et al., 2006; Mutlu et al., 
2008) and several cultivars (Beaver et al., 2008; Kelly et al., 2009) with CBB resistance derived 
from P. acutifolius.  
In addition to CBB resistance, P. acutifolius is known to have other useful traits including 
drought tolerance and resistance to bruchid beetles (Acanthoscelides obtectus and Zabrotes 
subfasciatus). The resistance to bruchid beetles has been transferred into common bean and 
molecular data on proteins and DNA introgressed from the tepary bean into common bean have 
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been obtained (Mbogo et al., 2009). Mbongo et al. (2009) crossed an accession of P. acutifolius 
(G40199) with three P. vulgaris cultivars (ICA Pijao, Rojo, and 5-593) and obtained F1 hybrids 
via embryo rescue. They showed that five of the interspecific hybrids had an introgression of a 
lectin-like protein of 33 kDa from the tepary bean, implicated in resistance to bruchid beetles. 
This lectin-like protein is similar to the arcelin (ARL), phytohaemagglutinin (PHA), and α-
amylase inhibitor (α-AI) seed storage protein family of tepary bean. Genomic DNA sequences of 
polymorphic DNA fragments corresponding to ARL-2, PHA, and α-AI from the tepary wild 
accession and interspecific hybrids revealed a high sequence similarity to known ARL-2 and α-
AI genes of P. acutifolius.  
 
Chickpea (Cicer arietinum L.)  
The wild species of Cicer include 8 annual and 34 wild perennial species (Gaur et al., 
2009). Most studies on the wild Cicer species have concentrated on the annual species because 
of various difficulties associated with propagation of perennial species. Conventional crossing 
has been successful in producing interspecific hybrids between chickpea and wild relatives in the 
primary and secondary gene pools. The tertiary gene pool of chickpea includes the species C. 
bijugum, C. pinnatifidum, C. judaicum, C. yamashitae, C. chorassanicum, and C. cuneatum 
(Ladizinsky and Adler, 1976; Gaur et al., 2009). Conventional crossing has also been successful 
to some extent in producing hybrids between Cicer arietinum and some of the tertiary gene pool 
species. For example, Verma et al. (1995) produced F2 recombinants with very large number of 
secondary branches, high pod number, and higher yield from a C. arietinum × C. judaicum cross. 
The occurrence of high yielding transgressive segregants in the F2 lines from different 
interspecific crosses may be due to formation of favorable gene complexes because of 
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recombination and genetic reshuffling (Singh and Ocampo, 1993). Similarly, Singh et al. (1999) 
made several crosses among C. arietinum and C. pinnatifidum, C. judaicum, C. yamashitae, and 
C. cuneatum to assess the genetic potential of wide crosses in chickpea. Unfortunately, most of 
the crosses failed to germinate or showed high level of pollen sterility, and delayed flowering. 
However, successful F1s were produced between Cicer arietinum and C. judaicum which 
exhibited intermediate morphology between the wild and cultivated parents. In more recent 
years, Ahmad and Slinkard (2014) made crosses between Cicer arietinum and the secondary 
gene pool species, C. echinospermum and accessions of the tertiary gene pool species, C. 
bijugum, C. cuneatum, C. judaicum, C. pinnatifidum, C. chorassanicum, and C. yashitae to 
determine the extent of embryo and endosperm growth. It was confirmed that a zygote was 
formed in all interspecific crosses but the embryos showed continued and retarded growth at 
different rates in various crosses, but eventually aborted at an early pro-embryo stage in all 
crosses except C. arietinum × C. echinospermum.  
It has been noted that due to the presence of post-zygotic barriers, abortion of immature 
embryo occurs for interspecific crosses involving tertiary gene pool species such as C. bijugum 
and C. judaicum (Ahmad et al., 1988; Clarke et al., 2006). However, the availability of novel 
tissue culture techniques and biotechnological tools for circumventing crossing barriers may 
increase the prospects of transferring useful traits from the tertiary gene pool. Employing embryo 
rescue technique, Badami et al. (1997) obtained an interspecific hybrid between C. arietinum and 
C. pinnatifidum. In that study, growth regulators were applied to the base of the peduncle after 
pollination to prevent premature pod abscission and a few days following that, ovules were 
harvested and cultured in media. Developing embryos were later dissected to obtain hybrid 
plants that were albinos and morphologically resembled the tertiary species C. pinnatifidum. 
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Unfortunately, the hybrid plants failed to survive beyond 20 days after transfer into soil. 
Similarly, using embryo rescue techniques, Mallikarjuna (1999) successfully produced hybrid 
plants between C. arietinum and C. pinnatifidum. In their study, three accessions of Cicer 
arietinum were used as female parents and crossed with two accessions of Cicer pinnatifidum. A 
mixture of growth hormones was also applied to the base of the pollinated pistils to prevent 
premature pod abscission and between 18–25 days, cross pollinated pods were harvested and 
ovules cultured in media. Different media were used to initiate callus formation, embryo 
development, root and shoot growth, and eventually hybrid plants, which were transferred to 
soil. The morphology of the hybrid plants resembled the male parent, Cicer pinnatifidum, in leaf 
structure and growth habit. The color of the flowers produced on the hybrid plant was pale violet, 
resembling the male parent whose flowers were violet in color. Also, Mallikarjuna and Jadhav 
(2008), successfully produced hybrids between C. arietinum and C. pinnatifidum using embryo 
rescue and tissue culture techniques to save aborting hybrid embryos. Unfortunately, the hybrids 
did not have a good root system and were therefore grafted to cultivated chickpea stocks which 
made it possible to transfer hybrid plants to soil. The grafted hybrid plants were fragile and 
maintained in a growth room and upon the application of 1 mg/l of cytokinin zeatin in irrigation 
water, they flowered but did not set seed. 
Although hybrid plants have been obtained using tertiary gene pool species of chickpea, 
hybrids have proven to be fragile and have not withstood transfer to glasshouse/field and hence 
none of the wide species hybridizations discussed above has examined what traits have been 





Pigeonpea (Cajanus cajan (L.) Millspaugh)  
Pigeonpea has a rich gene pool in its various wild species in the secondary and tertiary 
gene pools. Many of the wild species from the secondary gene pool are compatible with 
cultivated pigeonpea and have been successfully used to transfer genes and traits of interest such 
as cytoplasmic nuclear male-sterility (Saxena and Kumar, 2003; Mallikarjuna and Saxena, 2005). 
There are also many wild relatives of pigeonpea including those in the tertiary gene pool that are 
incompatible with cultivated species but have desirable characteristics that could improve 
pigeonpea as a crop. Among these, Cajanus platycarpus in the tertiary gene pool (Mallikarjuna, 
2003) has received considerable attention because it has many desirable traits including early 
flowering and maturity, photoperiod insensitivity, prolific flowering and pod setting, annuality, 
rapid seedling growth (Mallikarjuna and Moss, 1995), salinity tolerance (Srivastava et al., 2006), 
and resistance to Phytophthora blight (Reddy et al., 1996; Mallikarjuna et al., 2006), pod borers 
and cyst nematode (Saxena et al., 1996) that are important for pigeonpea improvement.  
Embryo rescue and other tissue culture techniques have long been recognized as 
important in successful hybridization between pigeonpea and tertiary gene pool species. 
Mallikarjuna and Moss (1995) were the first to successfully develop an efficient embryo rescue 
technique by which hybrids between C. platycarpus and C. cajan were produced. In that study, 
two accessions of C. platycarpus were crossed with one accession of pigeonpea and 
approximately 25 days old immature embryo was cultured and dissected in media to obtain 
hybrid plants. The authors reported that the morphology of the leaf of the hybrid plant was 
intermediate between the parents, whereas the growth habit and the flowering axes resembled the 
pigeonpea parent. Similarly, Shahi et al. (2006) performed crosses between C. cajan and C. 
platycarpus to diversify the existing pigeonpea gene pool. For their study, crosses were made 
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between C. platycarpus and ten genotypes of pigeonpea. Since the pollen of C. platycarpus 
failed to germinate on the stigma of C. cajan, the former was used as the female parent. Hybrid 
pods and ovules, in general, did not develop properly in these crosses but with the use of embryo 
rescue, hybrids of C. platycarpus with two cultivars of C. cajan were obtained. These hybrids 
were properly rooted and transferred to pots but there was no report on the agronomic 
performance of these hybrids or any traits that might have been transferred from the wild species.  
Beyond obtaining hybrids using embryo rescue techniques, some studies have confirmed 
the introgression of disease resistance genes from C. platycarpus into pigeonpea. One such study 
is Mallikarjuna et al. (2005) who crossed a C. platycarpus accession, ICPW 61, with a pigeonpea 
cultivar, ICPL 85030, to obtain hybrids. The wild species accession used in the study is resistant 
whereas the pigeonpea cultivar is susceptible to Phytophthora blight disease. After the initial 
cross between the two species, embryo rescue technique was used to rescue aborting F1 hybrids. 
The F1s obtained were self-sterile, therefore, colchicine was used to double their chromosome 
number and the resulting amphidiploid was selfed to obtain F2 seeds. A total of fifty four F2 
plants were then randomly selected and screened for Phytophthora blight resistance out of which 
fourteen were found to be resistant, showing reactions similar to the C. platycarpus parent while 
the remaining succumbed to the pathogen.  
Similarly, Mallikarjuna et al. (2006) successfully introgressed C. platycarpus genome 
into cultivated pigeonpea. In their study, F1 hybrid plants of (C. platycarpus × C. cajan) were 
also obtained by rescuing aborting hybrid embryos in vitro. The F1 hybrids were treated with 
colchicine to obtain tetraploid hybrids that were selfed to obtain F2, F3, and F4 progenies. Also, 
diploid F1 hybrids were backcrossed with cultivated pigeonpea and BC1 progeny obtained by in 
vitro culture of aborting embryos. BC2 plants were obtained by normal, mature seed germination. 
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They found that all of the hybrids and subsequent progenies had an intermediate morphology 
between the two parents and the BC2 plants had more of cultivated pigeonpea characteristics 
including erect growth habit, bigger pod size, and large seeds. Also, they found that every 
backcross to cultivated pigeonpea increased pollen fertility and the formation of mature seeds. 
To test for possible introgressions of genes from the wild species into pigeonpea, the authors 
screened a small random sample of 60 F2 seeds germinated in vivo for Phytophthora blight 
resistance, as C. platycarpus is the only wild species with reported resistance to the disease 
(Reddy at al., 1996). The progeny segregated into the expected 1 (resistant): 3 (susceptible) 
Mendelian segregation (χ2 = 0.02; p = 0.88) ratio. Additionally, when 46 random F2-derived F3 
plants were screened for Phytophthora blight resistance, they found 9 and 37 resistant and 
susceptible plants, respectively. 
 
Soybean (Glycine max (L.) Merrill)   
The genus Glycine Willd. is composed of two subgenera, Glycine and Soja. The subgenus 
Soja includes soybean, G. max (L.) Merr., and its wild progenitor, G. soja Sieb. & Zucc. Both 
species are annual and diploid (2n = 40), and hybridization between them can be readily effected 
and together they form the primary gene pool of soybean (Harlan and de Wet, 1971). Currently, 
the Glycine subgenus consists of 26 perennial species that are all indigenous to Australia and 
form the tertiary gene pool of soybean.  
One recognized means by which to increase the soybean gene pool is to introduce genes 
from wild relatives, particularly the perennial relatives. Although wide hybridization experiments 
in soybean date back to 1979 (Broué et al., 1979), no cultivars have had introgressions from the 
perennial Glycine species of the GP-3 (Ratnaparkhe et al., 2011). Nonetheless, hybrids have been 
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produced between G. max and the perennial species, G. argyrea (Grant et al., 1986), G. 
canescens (Broué et al., 1982), G. clandestine (Singh et al., 1987), G. falcata (Newell et al., 
1987), G. tabacina (Newell et al., 1987), and G. tomentella (Newell et al., 1987). In some 
instances, synthetic amphidiploids of two wild species followed by chromosome doubling were 
created (Broué et al., 1982; Grant et al., 1986). Unfortunately, due to sterility or poor vigor, the 
majority of these hybrids did not progress beyond the F1 or amphidiploid stages.  
G. tomentella, one of the 26 perennial species of soybean is a species complex, because 
individual plants have varying chromosome numbers of 2n = 38, 40, 78, and 80, divergent 
genomes, and can be further subdivided into five diploid and six tetraploid races, each of which 
could be considered a species based on reproductive isolation (Doyle et al., 2004). G. tomentella 
was identified early on by Ladizinsky et al. (1979) as the most compatible species to cross with 
G. max, compared to other Glycine perennials, where they achieved both the highest rate of pod 
set and pod size when used as pollen source in crosses with G. max. Also, the allotetraploid G. 
tomentella (2n = 78) displayed the highest crossability with G. max in the work of Newell and 
Hymowitz (1982), and most efforts since then have pursued 2n = 78 accessions. In the several 
Glycine tomentella and soybean hybridization attempts following the work of Ladizinsky et al. 
(1979) and Newell and Hymowitz (1982), embryo rescue, colchicine treatments, and 
backcrossing were recognized as steps likely to be important to make the process successful 
(Broué et al., 1982).  
Hymowitz and Singh (1984) produced the first fertile G. max × G. tomentella (2n = 118) 
amphidiploids and later by Newell et al. (1987), both of whom doubled chromosome numbers of 
F1 hybrids (2n = 59) grafted onto soybean using colchicine (Cheng and Hadley, 1983). However, 
these plants were hindered by poor fertility and even the best plants only produced mostly one-
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seeded self-fertilizing pods and the seeds were mostly shriveled (Newell et al., 1987). A major 
breakthrough in the wide hybridization of G. tomentella and soybean came with the addition of 
hormone sprays on pods to vastly improve pod retention, in addition to further refinements of 
embryo rescue media and procedures (Singh et al., 1987). These advances helped produce initial 
BC1 plants (Singh et al., 1990) and later backcross generations of varying chromosome counts 
(Singh et al., 1993; Singh et al., 1998). In these early experiments, backcross-derived lines were 
obtained from a cross using the cultivar Clark 63 and the G. tomentella accession PI 483218. 
More recent modifications include a colchicine procedure that induced chromosome doubling in 
plantlets rather than grafted plants (Singh, 2010). Details of the development can be found in the 
patent application by Singh (2010).  
More recently, Singh and Nelson (2014) developed a methodology for creating 
alloplasmic soybean lines by using Glycine tomentella (PI 441001) (2n = 78) as a female parent 
and the soybean cultivar Dwight (2n = 40) as the male parent. In their study, immature seeds that 
were 19 to 21 days after pollination were cultured in vitro to produce F1 plants. The F1 plants had 
59 chromosomes of which 20 came from soybean and 39 from Glycine tomentella. Amphidiploid 
(2n = 118) plants were produced by doubling the chromosomes of the F1 with colchicine and 
crossing the amphidiploid plants to Dwight produced BC1 plants (2n = 79) that developed mature 
seeds. They found that the chromosome numbers (2n) of fifteen BC2F1 plants ranged from 41 to 
50. Additionally, they observed that all the BC2F1 plants containing similar chromosome 
numbers were morphologically dissimilar. Also, a number of plants with varying number of 
chromosomes were found in the BC3F1 generation. The number of plants with the different 
number of chromosomes included 275 (2n = 40), 208 (2n = 41), 80 (2n = 42), 27 (2n = 43), 12 
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(2n = 44), and 3 (2n = 45). In all these cases, 40 of the chromosomes came from soybean and the 
rest from G. tomentella.  
Another study that has successfully hybridized G. max to G. tomentella and produced 
fertile soybean plants is Singh and Nelson (2015). The objectives of their research were to 
develop methods for producing F1, amphidiploid, BC1, BC2, BC3, and fertile soybean plants from 
crosses of soybean and perennial Glycine species to be utilized in soybean breeding. Soybean 
cultivars (Clark 63, Dwight, IA 2052, IA 3010, Ina, Macon, Pella, and Williams 82) were 
hybridized with six accessions of G. tomentella (2n = 78) as well as one accession each of G. 
tomentella (2n = 40), G. argyrea (2n = 40), and G. latifolia (2n = 40). Twenty four hours after 
pollination, a growth-hormone solution containing 100 mg gibberellic acid (GA3), 25 mg 
naphthalene acetic acid (NAA), and 5 mg kinetin/l distilled water was sprayed onto the 
pollinated gynoecia (Jena and Khush, 1989), and this was continued once a day for 19 to 21 days 
(Singh, 2010). Immature seeds were rescued approximately 3 weeks after pollination and 
cultured in media and amphidiploid plants were obtained by colchicine treatment. Pod set in 
crosses between G. tomentella (2n = 40 and 2n = 78) and G. argyrea (2n = 40) accessions and 
soybean cultivars was recorded in all cross combinations except in Clark 63 × PI 441001, IA 
3010 × PI 446998, and IA 3010 × PI 505151 crosses. Also pod set was recorded in Dwight × G. 
latifolia crosses.  
Despite the development of pods, the researchers were unable to rescue seeds from all 
crosses to produce intersubgeneric F1 plants. They were only successful in producing F1 (2n = 
59) hybrids and amphidiploid plants from crosses of Dwight × PI 441001, Macon × PI 441001, 
and Ina × PI 441001. Morphologically, the F1 plants resembled G. tomentella (PI 441001) more 
than the soybean parents and flowered profusely. The colchicine-induced amphidiploid plants 
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were morphologically stunted, had normal leaves and flowers, and occasionally produced one to 
two seeded mature pods. Since Dwight produced a large number of flowers with good pollen 
compared to Macon and Ina, further efforts in producing backcross-derived plants were directed 
towards the Dwight × PI 441001 amphidiploid plants. BC1, BC2, and BC3 plants, respectively 
were produced after backcrossing the Dwight × PI 441001 amphidiploid plant one to three times 
to Dwight. The BC1 (2n = 79) plants were vigorous and viney like the G. tomentella, PI 441001. 
Fifteen BC2 plants including 2n = 56 (9 plants), 2n = 57 (2 plants), 2n = 58 (3 plants), and 2n = 
59 (1 plant) that survived past flowering were morphologically distinct and self-sterile. One 
hundred and thirteen BC3 plants with chromosome numbers (2n) ranging from 40 to 49 were 
obtained. It was observed that BC3 plants with the same number of chromosomes were 
morphologically distinct. Lines have been derived from these plants and are currently being 
evaluated for yield and resistance to biotic and abiotic stresses. 
Other attempts to cross soybean and G. tomentella have been made and are reviewed by 
Singh (2010), where similar methods, but different parent materials, were used. None of these 
progressed beyond the F1 or amphidiploid stages, with one notable exception, in the work of 
Shoemaker et al. (1990) who recovered 2n = 40 F2 and F3 plants from the branch of an 
amphidiploid (Newell et al., 1987). It was observed that G. tomentella chromosomes had been 
eliminated, but some G. tomentella genomic regions were retained. 
Beyond hybridization, several useful traits have been identified in G. tomentella and 
derived plants that are important to soybean improvement (reviewed in Singh, 2010). Such 
reported traits include disease resistances to soybean rust (Phakopsora pachyrhizi, Hartman et 
al., 1992), soybean cyst nematode (Heterodera glycines, Patzoldt et al., 2007), bean pod mottle 
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virus (Zheng et al., 2005), sclerotinia stem rot (Sclerotinia sclerotiorum, Hartman et al., 2000), 
and sudden death syndrome (Fusarium virguliforme, Hartman et al., 2000).  
Despite the identification of the disease resistance traits in G. tomentella and derived 
plants, no effort has been devoted to utilizing this species to increase the genetic yield potential 
of soybean. However, given that diversity is important in any breeding program and the 
examples from Glycine and other species where crop species have been improved using their 
wild relatives, it may be worthwhile to continue to explore the diversity that exist in the 
perennial Glycine species for soybean improvement. The objectives of this research are to 
identify high yielding lines derived from backcrosses between the soybean cultivar Dwight and 



























MATERIALS AND METHODS 
Line development and field evaluation  
Methodology to produce fertile plants with 2n = 40 chromosomes from soybean cv. 
Dwight (2n = 40) × G. tomentella PI 441001 (2n = 78) is described by Singh (2010) including 
procedures for extracting immature seeds and media composition for culturing these seeds. 
Briefly, young flower buds (prior to anthesis) of Dwight were emasculated and gynoecia were 
pollinated with pollen from newly opened flowers of PI 441001. Putative hybrid gynoecia were 
sprayed with a growth hormone mixture containing 100 mg gibberellic acid (GA3), 35 mg 
naphthalene acetic acid (NAA), and 5 mg kinetin per liter distilled water 24 hours post-
pollination once a day for 19–21 days. Pods were removed physically and immature yellow-
green seeds were cultured in seed maturation media to develop callus, allowing the production of 
multiple embryos per seed. Seeds were transferred to fresh medium every 2 to 3 weeks and 
continued until the embryo turns yellow-green and callus material develops, after about three 
months. Calli were transferred to embryo and shoot regeneration (C5) media. Developing shoots 
were transferred to the rooting medium and eventually developing seedlings were planted in pots 
with soil and moved to greenhouse (Singh, 2010).  
An amphidiploid plant (2n = 118) was produced by treating F1 hybrid shoots with 0.1% 
colchicine in culture. Chromosome doubling was verified using Feulgen staining technique 13 
(Singh, 2003). Amphidiploid plants were backcrossed to Dwight and BC1 plants with 2n = 79 
chromosomes were produced through the immature seed rescue procedure. All backcrosses 
involving Dwight were derived from a single plant grown in greenhouse in 2002 to reduce any 
heterogeneity normally present as Dwight was originally an F4-plant selection (Nickell et al., 
1998). BC1 plants were backcrossed to Dwight to obtain BC2 plants and a series of backcrossing 
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were carried out from seven different BC2 plants to obtain BC3, BC4, BC5, and BC6 lines with 2n 
= 40 chromosomes, which are self-fertile and genetically stable. The production of the BC2 
generation required seed rescue and hormone treatment. However, in later generations of 
backcrossing or selfing, culturing was not usually employed. Preliminary yield testing of inbred 
lines from these crosses was used to select 180 high, medium, and low yielding lines in maturity 
groups (MG) II, III, and IV that were used in this research. Lines tested ranged from the F2 to F7 
generation. 
 Lines in MG II were divided into two tests: IIA (48 experimental lines) and IIB (47 
experimental lines). There was one MG III test (47 experimental lines) and one MG IV test (38 
experimental lines). The experimental lines and checks were evaluated in the field for 2 years. In 
2013, test IIA and IIB were planted on May 8 at Wooster, OH, May 14 at DeKalb and Pontiac, 
IL, May 18 at Urbana and Bellflower, IL, and May 22 at Lincoln, NE. Test IIB was also planted 
on May 16 at Ivesdale, IL. Test III was planted on May 8 at Wooster, OH, May 13 at 
Portageville, MO, May 18 at Urbana and Bellflower, IL, May 23 at Arthur and Brownstown, IL, 
and June 7 at Novelty, MO. Test IV was planted on May 8 at Wooster, OH, May 13 at 
Portageville, MO, May 16 at Ivesdale, IL, May 18 at Urbana, IL, May 23 at Arthur and 
Brownstown, IL, and June 11 at Novelty, MO. In 2014, test IIA and IIB were planted May 7 at 
Bellflower and Pontiac, IL, May 16 at Urbana, IL and Lincoln, NE, May 20 at DeKalb, IL, and 
May 23 at Wooster, OH. Test IIB was also planted on May 6 at Ivesdale, IL. Test III was planted 
on May 7 at Bellflower, IL, May 8 at Arthur, IL, May 19 at Novelty, MO, May 23 at 
Portageville, MO and Wooster, OH, May 29 at Lincoln, NE, June 6 at Urbana, IL, and June 7 at 
Brownstown, IL. Test IV was planted on May 8 at Arthur, IL, May 19 at Portageville, MO, May 
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20 at Novelty, MO, May 29 at Lincoln, NE, June 5 at Ivesdale, IL, June 7 at Brownstown, IL, 
June 16 at Urbana, IL, and May 23 at Wooster, OH. 
Field plots for both years at Urbana, Bellflower, and Ivesdale were four rows wide with 
0.76 m spacing and 3.1 m long. Field plots at DeKalb, Pontiac, Arthur, and Brownstown were 
two rows wide with 0.76 m spacing and 3.6 m long. Field plots at Lincoln were two rows wide 
with 0.76 m spacing and 2.9 m long. Plots at Portageville and Novelty were four rows wide with 
0.76 m spacing and 3.7 m long. Plots at Wooster consisted of eight rows with the middle six 
rows spaced 0.2 m apart and 6.4 m long and end trimmed at 4.9 m at maturity. The two border 
rows at Wooster were 0.76 m from the outside harvest rows. Seeds at Wooster in Ohio were 
sown at a rate of 10 seeds m-1 of row for the middle six rows and 20 seeds m-1 for the two border 
rows. Seeds were sown at a rate of 31 seeds m-1 of row at DeKalb, Pontiac, Arthur, and 
Brownstown in Illinois. Seeds were sown at a rate of 30 seeds m-1 at Urbana, Bellflower, and 
Ivesdale in Illinois and Lincoln in Nebraska. Seeds were sown at a rate of 40 seeds m-1 of row at 
Portageville and Novelty in Missouri. Plots at Lincoln, NE were furrow-irrigated every other 
week in both 2013 and 2014. Plots at Portageville, MO were flood-irrigated on an as needed 
basis for both years. Plots at Novelty Missouri were irrigated once via lateral overhead irrigation 
in June, 2013. Conventional tillage practices were followed at all locations. The lines in all tests 
were planted in a randomized complete block design with two replications.  
The agronomic data collected included flowering date (R1), which was recorded when 
approximately 50% of the plants had at least one flower (Fehr et al., 1971); plant maturity date 
(R8) recorded when approximately 95% of the pods had reached mature pod color (Fehr et al., 
1971); plant lodging scored at maturity based on a 1 to 5 scale (1 = all plants are erect, 5 = all 
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plants are prostrate); plant height (cm), measured from the soil surface to the top node of the 
main stem; and seed yield (kg ha-1) recorded at 13% moisture.  
In 2013, protein and oil concentration on a 13% moisture basis for all entries from all 
tests (IIA, IIB, III, and IV) grown at Urbana were measured using a DA 7200 near infra-red 
(NIR) analyzer (Perten Instruments, Sweden). Lines that had 30 or 40 g kg-1 protein higher than 
the recurrent parent, Dwight were identified in tests IIA and IV. Therefore, in 2014, protein and 
oil concentration of the experimental lines and checks of only the IIA and IV tests grown in the 
Illinois locations were measured using NIR spectroscopy.   
In 2013 and 2014, plant height and lodging data were collected from Urbana, IL, 
Bellflower, IL, DeKalb, IL, Pontiac, IL and Wooster, OH for test IIA and IIB. Additionally, 
plant height and lodging data were collected from Ivesdale, IL in both years for test IIA. 
Maturity dates on the other hand were recorded for both tests IIA and IIB from Urbana, IL, 
Bellflower, IL, DeKalb, IL, and Pontiac, IL in 2013 and 2014 and from Ivesdale, IL in both years 
for only test IIA. Also, maturity dates were collected from Wooster, OH for both tests IIA and 
IIB in 2013 and Lincoln, NE in 2014. For tests III and IV, plant height, lodging scores and 
maturity dates were collected from Urbana, IL, Arthur, IL, Brownstown, IL, Wooster, OH, 
Novelty, MO and Portageville, MO in both 2013 and 2014. Furthermore, in both years, plant 
height, lodging scores and maturity dates were collected from Bellflower, IL for test III and 
Ivesdale, IL for test IV. Also, in 2014, plant height, lodging scores, and maturity dates were 
collected for both tests III and IV in Lincoln, NE. Flowering dates were recorded at Urbana, IL, 
Bellflower, IL and Ivesdale, IL in 2013 and 2014, for all tests. Yield was collected from all 
locations in 2013 and 2014 for all tests. Plots were planted but no data were used from DeKalb, 
IL in 2013 because of non-uniform variation among plots. 
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DNA extraction and genotyping by sequencing 
Genomic DNA was isolated from fresh trifoliolate leaf tissue of 10 greenhouse-grown 
plants for each entry. Leaf samples were taken from each plant, bulked within lines and frozen in 
a -80º C freezer prior to DNA extraction using a modified CTAB (cetyltrimethylammonium 
bromide) protocol (Mace et al., 2003) and quantified using PicoGreen (Invitrogen, NY, USA). 
Genotyping by sequencing libraries were prepared using a protocol modified from Poland et al. 
(2012). Assembly of the sequence data was facilitated by the Williams 82 reference genome 
sequence (Gmax1.01). 
 
Restriction enzyme selection and GBS library preparation 
To select the optimal restriction enzyme combinations, genomic DNA (approximately 
250 ng) from the Dwight and G. tomentella (PI 441001) parents was double digested with 
HindIII and BfaI, HindIII and HinP1, Pst1 and BfaI, and Pst1 and Hinp1. Samples were run on 
agarose gels to confirm the presence of a genomic smear. HindIII and BfaI, & HindIII and HinP1 
produced the best genomic smear in the 200 – 700bp range (Figure 1) and were selected as the 
two enzyme combinations for double digesting DNA from all the derived lines and parents. 
Genomic DNA (approximately 250 ng) from both parents and derived lines was double 
digested with HindIII and BfaI & HindIII and HinP1 at 37° C for 2 h with heat inactivation at 
80° C for 20 min. Digested DNA was ligated to two separate adapters using T4 ligase with 1mM 
ATP. The first adapter contains the Illumina forward sequencing primer, one of 96 unique 
barcodes, and the HindIII overhang. The second adapter contains the Illumina reverse 
sequencing primer and the overhang for either BfaI or HinP1. Ligation reactions were held at 25° 
C for 2 h followed by heat inactivation at 65° C for 20 min. Pooled DNA from 96 barcoded 
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libraries was cleaned using a 2:1 ratio of AmpureXP Beads (Beckman Coulter, CA, USA) to 
DNA solution using a Magnetic Particle Concentrator (Invitrogen, NY, USA) with two washes 
in 95% ethanol and resuspension in elution buffer (EB; 10mM Tris). Cleaned DNA pools were 
amplified using Illumina primers in a 2X PhusionHF Master Mix (New England Biolabs, MA, 
USA) with cycler conditions as follows: 98° C for 30 s, 15 cycles (98° C for 10 s, 68° C for 30 s, 
72° C for 30 s), 72° C for 5 min. Samples were run on agarose gels to confirm the presence of a 
genomic smear and cleaned a second time with AMPure beads. Amplified DNA sizes and 
relative concentrations were assessed using an Agilent Bioanalyzer 2100 and Agilent DNA1000 
Kit (Agilent Technologies Inc., CA, USA) and PicoGreen. The two separately digested samples 
were combined in equimolar concentrations and diluted to 10 nM in library buffer (EB + 0.05% 
Tween-20) and submitted to the W.M. Keck Center at the University of Illinois for single-end 
sequencing on the Illumina HiSeq2500. The Keck Center performed an additional qPCR assay 




The data for flowering date, maturity date, plant height, lodging, and seed yield were 
subjected to analysis of variance (ANOVA) using the Proc Mixed function in SAS (Statistical 
Analysis System version 9.4, SAS Institute, Cary NC). Mean separation was conducted using 
Fisher’s protected Least Significant Difference (LSD) test in the Proc GLM function in SAS. 
Normality of residuals was checked using the Proc Univariate function in SAS. The lodging data 
were log transformed (as the data were not normally distributed) before ANOVA, then back 
transformed on the original scale for reporting. Years by locations were defined as environments 
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in the analysis of variance. The ANOVA was pooled among environments after homogeneity of 
variance has been checked with the Brown-Forsythe test in SAS. Environments and replications 
within environments were considered as random effects while genotype was considered as a 
fixed effect. 
 
Genotype data and association mapping  
SNPs were called from Illumina fastq files using the TASSEL GBS pipeline (version 3.0) 
(Buckler lab for maize genetics and diversity, http://www.maizegenetics.net/). Only 64 base pair 
tags present at least 5 times in the GBS dataset were considered for alignment and SNP calling. 
Alignment to the Williams 82 reference genome (Gmax1.01) was performed using Bowtie 2 
(Langmead et al., 2009) with the “sensitive” option. SNPs with >95% missing data were 
discarded. SNPs were not filtered by minor allele frequency as we expected many G. tomentella 
introgressions to be rare. Imputation of missing data was performed using Beagle 4 (Browning 
and Browning, 2007) with a window size of 500 SNPs and an overlap of 100 SNPs. Because we 
could not get the exact Dwight plant that was used as the recurrent parent in the development of 
the breeding lines, four different sources of Dwight (USDA Soybean Germplasm Collection, 
Randall Nelson’s breeding program, Brian Diers’ breeding program and a Dwight DNA sample 
of unknown source that had been stored in -80 degrees Celsius freezer for 4 years) were 
genotyped in this study.  
For each SNP, an introgression was scored as “2” (when a homozygous genotype was 
shared between a derived line and PI 441001), “1” (a heterozygous genotype), and “0” (when a 
homozygous genotype was shared between a derived line and Dwight from all four sources). 
Introgression frequencies were calculated at each SNP locus as an average over the lines within 
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the Dwight × PI 441001 cross divided by 2. The allelic contribution of the G. tomentella parent 
to each breeding line was calculated as an average over all SNPs that were present in at least two 
derived lines divided by 2. Chi square values were calculated using the equation: [(Ot – Et)2 / Et] 
+ [(Om – Em)2 / Em], where Ot and Et are, respectively, the observed and expected allele 
frequencies of Glycine tomentella (PI 441001), and Om and Em are, respectively, the observed 
and expected allele frequencies of Glycine max (Dwight). 
For each phenotypic trait, a least square mean was obtained across locations and years 
after modeling out the effect of environments, using a mixed model in SAS. In the analysis years 
by locations were defined as environments. Environments and replications within environments 
were considered as random effects while genotype was considered as a fixed effect. The mean 
phenotypic value for each trait was used for association mapping in R statistical package (version 
3.1) using a simple linear model (single-factor analysis) with maturity group and BC2 parent as 
covariates to test single marker effects. Trait estimates and SNP genotypes were the dependent 
and independent variables, respectively. Three groups of BC2 parent sources including 06H1-1, 
06H1-3, and others (07H1-7, 07H1-16, 07H1-14, 07H1-25, and 07H1-38) were created for the 
purposes of this analysis.  
A total of 1000 permutations were performed on all traits to establish the empirical 
significance thresholds at 0.01 probability. SNPs were considered to be significant only when 
their significance exceeded the corresponding significance threshold. From the single-factor 
analysis, the most significant SNP was included in the model as a cofactor and the genome 
scanned once more for composite interval mapping. The process of including the most 
significant SNP(s) as cofactor(s) was repeated until no more significant SNPs were identified. 
Markers included all SNPs discovered in this study that were present in at least two derived lines 
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and represented fixed differences between Dwight and G. tomentella and were homozygous or 
























RESULTS AND DISCUSSION 
Single nucleotide polymorphisms and distribution 
One hundred and eighty lines derived from seven different BC2 parents including 06H1-
1, 06H1-3, 07H1-7, 07H1-14, 07H1-16, 07H1-25, and 07H1-38 were assessed in the current 
study (Table 1). The number of lines from each BC2 parent was less than twenty except for 
06H1-1 and 06H1-3 and more than half came from 06H1-1. A total of 201,304,982 reads were 
obtained using genotyping by sequencing (GBS), out of which 193,225,777 matched perfectly to 
a barcode and the remnant HindIII restriction enzyme cut site, with an average of 503,192 reads 
per entry. Analyzing the GBS dataset using the Tassel GBS pipeline (Buckler lab for maize 
genetics and diversity, http://www.maizegenetics.net/), we obtained 1,070,347 unique reads that 
were 64 base pairs in length and present at least 5 times in the entire dataset. We were able to 
align 998,634 (93.3%) of these unique reads to the Williams 82 reference genome (Gmax1.01)  
using Bowtie 2 (Langmead et al., 2009) prior to SNP calling. Between G. tomentella PI 441001 
and the soybean cultivar, Dwight, 13,334 SNPs were identified and 3,297 were present in at least 
one derived line and were polymorphic. Out of these 3,297 SNPs, 1,242 SNPs were present in at 
least two of the derived lines and represented fixed differences between G. tomentella PI 441001 
and all four sources of Dwight, and were used for estimating the amount of Glycine tomentella 
alleles in each of the derived lines and association analysis. These SNPs used for the association 
analysis were not further filtered by minor allele frequency, as we expected many G. tomentella 
introgressions to be rare. The identification of SNPs was facilitated by the Williams 82 soybean 
reference genome (Gmax1.01); however, because there is no reference genome for G. tomentella 
and the large genomic differences between soybean (primary gene pool) and G. tomentella 
(tertiary gene pool), it is likely that the number of SNPs obtained in the current study may be 
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more or less than what actually exists between G. tomentella and soybean. The four sources of 
Dwight were relatively similar for the SNP alleles identified. Out of the 13,334 SNPs that were 
identified, 9,429 (71%) homozygous loci were identical across all four sources of Dwight and 
458 (3%) identical loci were heterozygous with differences existing at 3,447 (26%) loci. Nearly 
half (1465) of the loci that showed differences were as a result of difference in genotype for only 
one Dwight source. The number of identical loci were relatively evenly distributed across all 20 
soybean chromosomes. The percentage heterozygosity was similar for Dwight from all four 
sources. Ten percent of the 13,334 SNPs were heterozygous for Dwight from Brian Diers’ and 
Randall Nelson’s breeding programs whereas 11% of the SNPs were heterozygous for the 
Dwight DNA stored in -80 degrees Celsius freezer for 4 years from an unknown source and 
Dwight from the USDA Soybean Germplasm Collection.   
On average, 62 G. tomentella alleles were introgressed into each chromosome (Table 2). 
Chromosomes 5 and 6 had the most G. tomentella allele introgressions with 81 whereas 
chromosome 14 had the least (38) (Table 2). The introgressed G. tomentella alleles are relatively 
evenly distributed across all soybean chromosomes. This distribution is somewhat surprising 
given the significant genomic differences that exist between soybean and G. tomentella. If this 
truly is an indicator of genomic introgression, it has significant implications for soybean 
breeding, as it indicates that it is possible to access large segments of G. tomentella genomes 
through hybridization with G. max. 
 
Performance of derived lines 
In the current study, experimental lines were evaluated in four tests (IIA, IIB, III, and IV) 
in multi-environments for 2 years. Differences in flowering, maturity, height, lodging, and yield 
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were observed among the G. tomentella-derived lines in each test, but overall growth habit and 
features of most lines were similar to the recurrent parent, Dwight. To determine if these 
differences were real and due to genetics, a mixed model analysis of variance (ANOVA) was 
performed for all measured traits for each test. There were significant environmental effects for 
all the traits measured in all tests as well as significant genotype by environment interaction for 
flowering, maturity, height, lodging, and yield except for yield in test IIB (Tables 3, 5, 7, and 9). 
Protein and oil concentrations were only measured in test IIA (Table 3) and IV (Table 9) in six 
environments in Illinois over the two years of the study and no genotype by environment 
interaction was found in test IIA (Table 3). These tests were conducted in three or four states, 
depending on the test, and in a variety of environmental conditions including irrigated locations 
at Lincoln, NE; Portageville, MO; and Novelty, MO. 
There were significant (P < 0.0001) differences among the 48 experimental lines derived 
from three BC2 parents for all traits measured in test IIA (Table 3). All of the lines had either 2 
or 3% G. tomentella alleles. None of the derived lines yielded significantly more (P < 0.05) than 
the recurrent parent or any of the check cultivars (Table 4). The highest (LG10-13322) and 
lowest (LG10-12753) yielding lines were from the same BC2 parent (06H1-1) as were 33 other 
entries in the test. Both lines were similar in all traits measured except for yield (Table 4).  
LG11-12753 was significantly lower yielding than Dwight and LG10-13322 but LG10-13322 
did not yield more than Dwight.  
There were 9 lines derived from the BC2 parent 07H1-7 in test IIA. Two of them were 
BC4 and seven of them were BC5 lines (Table 4). The highest yielding line was a BC4 line, 
LG11-11279, which was similar in maturity and flowered the same date as Dwight. It yielded 
4285 kg/ha which was not significantly different from Dwight (4220 kg/ha). Though it was 
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similar in height to Dwight, it lodged significantly more (2.6 vs 2.0) (Table 4). LG11-11362 
from the same BC2 parent was significantly lower yielding than Dwight. It was 6 cm shorter but 
was similar in lodging to Dwight (Table 4).  
Only 4 BC4 lines derived from the BC2 parent 07H1-16 were evaluated in test IIA. All 
the lines matured on Sept. 16. There were significant differences in yield among them, but none 
of the lines was significantly different from Dwight in yield (Table 4).  
Significant differences (P < 0.05) among the derived lines for protein and oil were 
observed for test IIA (Table 4). The line with the highest concentration of protein (357 g kg-1) 
was LG11-11279 (consistent over 2 years), which was significantly higher than Dwight (341 g 
kg-1) and all the check cultivars in this test. LG11-11279 had a similar oil concentration (181 g 
kg-1), yield, date of flowering, and maturity as Dwight (Table 4). Typically in soybeans, a change 
in protein or oil is associated with a change in yield (Wilcox and Cavins, 1995; Cober and 
Voldeng, 2000), but this was not observed for LG11-11279. This consistent increase in protein is 
worthy of note and further investigation. The lowest protein concentration (333 g kg-1) 
experimental lines were LG11-11492 and LG10-12128 with 184 and 185 g kg-1 oil 
concentration, respectively. Flowering and maturity were similar among these lines and there 
were no significant yield differences among them. These lines were also not significantly 
different from Dwight for yield (Table 4). 
Test IIB had forty-seven experimental lines derived from three BC2 parents:  44 lines 
from 06H1-3, one line from 07H1-25, and two lines from 07H1-38. Significant differences 
among all entries were found for all traits measured (Table 5). The level of backcrossing among 
these lines ranged between BC3 and BC6 (Table 6). All of the lines had either 2 or 3% G. 
tomentella alleles. Protein and oil data collected for these lines in 2013 showed all the lines to be 
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similar to the recurrent parent, Dwight, so no protein and oil data were collected for these lines in 
2014 and no protein and oil data are presented. From the 06H1-3 BC2 parent, two of the derived 
lines (LG10-12313 and LG10-12468) yielded significantly more (P < 0.05) than the recurrent 
parent and at 4376 kg/ha and 4374 kg/ha, respectively, were comparable to the best check 
cultivar IA2102 (4427 kg/ha) (Table 6). These lines were very similar for all other agronomic 
traits with both Dwight and IA2102 (Table 6). Dwight is an old variety released 17 years ago at 
the University of Illinois at Urbana-Champaign (Nickell et al., 1998), so what has been 
transferred from G. tomentella into LG10-12313 and LG10-12468 brings their yields up to the 
level of the best public varieties currently available. From the same BC2 parent 06H1-3, we 
identified three additional lines LG11-1222, LG10-12237, and LG10-12298 that yielded 
approximately 200 kg/ha higher than the recurrent parent, Dwight but these differences are not 
statistically significant (Table 6). These lines were 0 to 3 days later maturing than Dwight and 
had some significant but smaller differences in height and lodging (Table 6). The lowest yielding 
line from the 06H1-3 BC2 parent was LG10-12211. It yielded 278 kg/ha less than Dwight and 
was similar in height and lodging. Even though it was similar to Dwight in flowering (34 days vs 
35 days), it matured 2 days later.  
Only one line (LG11-1432) from the BC2 parent 07H1-25 and two lines (LG11-11017 
and LG11-11018) from the BC2 parent 07H1-38 were evaluated in test IIB. All of these lines 
were similar to Dwight for all traits measured (Table 6).  
In test III, there were 47 lines from BC3 through the BC5 with 23 entries from 06H1-1, 14 
from 06H1-3 and three each from 07H1-7, and 07H1-14. Significant differences were noted 
among lines for all traits measured (Table 7). Similar to test IIB, no protein and oil data are 
presented for test III since measurement done in 2013 showed that all the lines were similar in 
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protein and oil to the recurrent parent, Dwight. Significant differences were found among lines 
from different BC2 parents (Table 8). LG11-2963 derived from the 06H1-3 BC2 parent had the 
highest yield. At 3901 kg/ha, it was nearly equivalent in yield to the best check cultivar IA3023 
(4094 kg/ha) but significantly higher yielding than Dwight (3524 kg/ha). It had 3% G. tomentella 
alleles and was similar in flowering (36 days vs 35 days) but matured 7 days later than Dwight 
(Table 8). It was 6 cm taller and lodged significantly more (2.3 vs 1.8) than Dwight. It was 
similar in flowering, maturity, and height to the best check, IA3023, but lodged more (Table 8). 
From the same BC2 parent, LG11-2051, LG11-2052, and LG10-13149, with 2 to 3% G. 
tomentella alleles were also significantly higher yielding than Dwight. All were similar in time 
of flowering, height, and lodging but matured over one week later than Dwight (Table 8). The 
lowest yielding line, LG11-1499 from the same BC2 parent had 5% G. tomentella alleles. It 
flowered the latest (July 10), was the tallest (101 cm) and lodged the most (2.4) of all entries and 
matured 7 days later than Dwight. LG09-1155 was very similar to Dwight for all traits except 
that it was 4 days later in maturity and 64% of its alleles derived from G. tomentella were 
relatively evenly distributed across all soybean chromosomes with the most (72) and fewest (24) 
introgressions on chromosomes 11 and 19, respectively. This line had the most G. tomentella 
alleles of any derived line tested. There is no good explanation why this line has both so many 
putative G. tomentella alleles and the appearance of Dwight.  
From the BC2 parent 06H1-1, two lines (LG11-4330 and LG11-4311) were significantly 
higher yielding than Dwight (Table 8). Both lines had 3% G. tomentella alleles and were similar 
in flowering date but were approximately 1 week later maturity than Dwight. Both lines were 
significantly taller than Dwight but LG11-4311 was similar in lodging whereas LG11-4330 
lodged significantly more (2.3 vs 1.8) than Dwight (Table 8). The lowest yielding line from the 
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same BC2 parent 06H1-1 was LG10-10833. At 2% G. tomentella alleles, it was similar in 
flowering time, height, and lodging but matured 5 days later and was over 500 kg/ha lower 
yielding than Dwight (Table 8).  
Only 3 lines from the 07H1-7 BC2 parent were evaluated in this test. The highest yielding 
line, LG11-10931, yielded significantly more than Dwight, had 3% G. tomentella alleles,  
flowered 2 days later and matured 9 days later than Dwight (Table 8). LG11-4421 was only 3 
days later in maturity than Dwight but yielded significantly less whereas LG11-4395 was 7 days 
later than Dwight but similar for other traits including yield (Table 8). LG11-1340, LG11-11319, 
and LG11-11326 were derived from the BC2 plant 07H1-14 (Table 8). LG11-1340 and LG11-
11319 were not significantly different from Dwight for yield but LG11-11326 was significantly 
lower yielding than Dwight and all were 6 to 9 days later maturing (Table 8).   
Among the 38 G. tomentella-derived lines from two different BC2 parents (06H1-1, 32 
entries and 06H1-3, 6 entries) in test IV, significant differences were found for all traits 
measured (Table 9). Twenty-seven lines yielded significantly more than Dwight but matured 6 to 
11 days later (Table 10). These highest yielding lines came from both BC2 plants.  
The best line, LG11-3370 from 06H1-1, yielded 491 kg/ha more and flowered and 
matured 2 and 9 days, respectively, later than Dwight but was similar in height and lodging. It 
had 3% G. tomentella alleles and had a significant (P < 0.05) increase of 7 g kg-1 for protein 
concentration but identical in oil to Dwight. From the same BC2 parent, four lines, LG11-3187, 
LG11-3375, LG11-3441, and LG11-3463 all yielded over 400 kg/ha more than Dwight. LG11-
3441 had a total of 39% G. tomentella alleles whereas the other three lines ranged from 2 to 4% 
in G. tomentella alleles. All four lines were identical in flowering but ranged from 6 to 10 days 
later in maturity than Dwight (Table 10). Also, all four lines were 3 to 12 cm taller but were 
52 
 
similar in lodging to Dwight. The lowest yielding line from this BC2 parent was LG11-3341. 
With 4% G. tomentella alleles, it yielded significantly lower (3217 kg/ha vs 3505 kg/ha) than 
Dwight. It flowered one week later and matured 11 days later than Dwight (Table 10). Also, at 
105 cm, it was the tallest line in the test and lodged significantly more (3.3) than Dwight (1.9) 
(Table 10). It had 355 g kg-1 protein concentration (consistent over two years) which was 
significantly higher than Dwight (343 g kg-1) and other check cultivars evaluated in this test and 
was 8 g kg-1 lower in oil than Dwight (Table 10).  
The highest yielding line (LG09-12682) from the BC2 parent 06H1-3 matured 8 days 
later and yielded significantly more than Dwight (Table 10). It had 2% G. tomentella alleles and 
was similar in height, lodging, and composition to Dwight. The lowest yielding line, LG11-1496 
from the entire test IV came from the BC2 parent, 06H1-3. It flowered and matured 4 and 5 days, 
respectively, later than Dwight (Table 10). Averaging 5% G. tomentella alleles, it yielded nearly 
600 kg/ha less than Dwight. However, it had the highest protein concentration of 365 g kg-1 (22 g 
kg-1 greater than Dwight) in the entire test, which was also consistent over two years, but the 
same oil concentration as Dwight. There is generally a negative correlation between protein and 
yield in soybeans (Brim and Burton, 1979; Wilcox and Cavins, 1995; Cober and Voldeng, 2000), 
but in this case the very large decrease in yield seems more than would be expected from the 
modest increase in protein. It was 18 cm taller than Dwight and lodged the most (3.5) in the 
entire test.   
In summary, there were 36 lines that yielded significantly more than the recurrent parent, 
Dwight in tests IIB, III, and IV. These highest yielding lines were progeny from three of the 
seven different BC2 parents included in this study. There were 127 lines that were equivalent in 
yield to Dwight and 17 that were significantly lower yielding that Dwight. Lines that were 
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significantly lower yielding than Dwight were also identified in each of the four tests and also 
represented the 3 BC2 plants that produced the highest yielding lines. Only 3 lines were tested 
from 07H1-14 and one of those was significantly lower yielding than Dwight. With the 
exception of three lines, LG09-1155 (64%) (Table 8), LG11-3441 (39%), and LG11-1464 (20%) 
(Table 10), the level of G. tomentella alleles in high and low yielding lines across all tests ranged 
from 2 to 6%. The SNPs introgressed into the three lines with relatively high levels of G. 
tomentella alleles occur in other lines at similar frequencies of other G. tomentella alleles. This 
indicates that these SNPs are probably real.  
 
G. tomentella allele introgression 
 The frequency of introgression of G. tomentella alleles is presented in Figure 2. We 
observed G. tomentella allele introgressions ranging from 0.005 to 0.41 on the twenty soybean 
chromosomes. The SNP with the highest frequency of introgression of 41% was at 17.8 Mbp on 
chromosome 2 (Figure 2, arrow). Conversely, 154 SNPs with locations spread across all 
chromosomes had frequencies of 0.5%. A total of 36 SNPs located on all but five chromosomes 
(6, 8, 9, 14, and 17) had introgression frequencies of 20% or more. These high introgression 
frequencies can be indicative of intentional selection of these alleles linked to important 
agronomic traits; however, such significant associations were not identified in this study. Given 
the genetic differences between soybean and G. tomentella, SNPs were not filtered based on 
minor allele frequency in our study. It is therefore, also possible that low frequency SNPs are the 
most important since SNPs with low frequencies (< 0.05) were identified to be significantly 
associated with most agronomic traits.  
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Figure 3 to Figure 22 show the frequency of G. tomentella allele introgressions on each 
of the soybean chromosomes. A common observable pattern is the concentration of G. 
tomentella alleles towards the distal and proximal ends of all chromosomes. This indicates that 
crossovers were more frequent towards the ends of the chromosomes than the middle regions 
which agrees with what is generally reported. It is also possible that those were regions where 64 
base pair GBS reads mapped to the Williams 82 reference genome. As crossing-over around the 
centromere (location obtained from the soybean genome browser in SoyBase) 
(www.Soybase.org) is known to be limited, we expected reduced introgression in these regions.  
This was true for chromosomes 3 (Figure 5), 5 (Figure 7), 7 (Figure 9), 8 (Figure 10), 9 (Figure 
11), 10 (Figure 12), 13 (Figure 15), 18 (Figure 20), and 19 (Figure 21), but for some 
chromosomes, the location of the centromere seemed to have little effect on the introgression 
frequency:  chromosomes 11 (Figure 13), 14 (Figure 16), and 17 (Figure 19). For chromosomes 
2 (Figure 4), 4 (Figure 6), 6 (Figure 8), and 20 (Figure 22), there were regions of relatively high 
frequencies near the centromere. For chromosomes 1 (Figure 3), 12 (Figure 14), 14, (Figure 16), 
15 (Figure 17) and 16 (Figure 18), there were introgressions very near the centromere but 
relatively large regions adjacent to the centromere with no introgressions. We observed specific 
chromosomal regions (10 Mbp or larger), as highlighted with the black rectangle on 
chromosomes 3 (Figure 5), 7 (Figure 7), 8 (Figure 10), 9 (Figure 11), 10 (Figure 12), 14 (Figure 
16), 16 (Figure 18), 18 (Figure 20), 19 (Figure 21), and 20 (Figure 22), with no G. tomentella 
allele introgressions. With the exception of the occurrence on chromosomes 14 (Figure 16), 16 
(Figure 18), and 20 (Figure 22), these regions encompassed the approximate locations of the 
centromeres. Where the centromeres were not involved may indicate regions that are non-
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homoeologous to that of soybean. Understanding the significance of these differences in 
introgression frequencies may require an assembled sequence of G. tomentella (2n = 78). 
The percentages of G. tomentella allele introgression based on the 1,242 SNPs identified 
are presented in Tables 4, 6, 8, and 10 for each experimental line within each test. A Chi square 
statistic was used to test the deviations of these percentages of G. tomentella introgressions from 
expected percentages without selection. For each backcrossing generation including BC3, BC4, 
BC5, and BC6, except for three BC3 lines (LG09-1155, Table 8; LG11-3441, and LG11-1464, 
Table 10) and one BC5 line (LG11-4475, Table 10), the percentages of G. tomentella 
introgression do not deviate from expected percentages without selection of 6.25, 3.12, 1.56, and 
0.78%, respectively. LG09-1155 had the greatest deviation with 64% (χ2 = 569.2, P < 0.0001) of 
the SNPs derived from the PI 441001, but phenotypically it was similar to Dwight (Table 8). 
The three other lines (LG11-3441, LG11-1464, and LG11-4475) which averaged 
significantly more G. tomentella alleles were in test IV (Table 10). LG11-4475 had a relatively 
small percentage of G. tomentella alleles (4%, χ2 = 3.9, P = 0.04) but LG11-3441 (39%, χ2 = 
183.1, P < 0.0001) and LG11-1464 (20%, χ2 =32.3, P < 0.0001) had very large percentages of G. 
tomentella alleles. All of these lines yielded significantly more than Dwight and were 8 to 9 days 
later in maturity, but flowered at similar times. They were all taller than Dwight but LG11-1464 
was significantly taller than the other two lines (Table 10). Despite the large amounts of 
introgression from PI 441001, there is no phenotypic data that separates these lines from many 
other G. tomentella-derived lines with only 2 to 3% of G. tomentella alleles. It will be important 
to re-sequence these lines with high levels of G. tomentella alleles to confirm their G. tomentella 




In this research, there were more than twice as many BC3 derived lines than any other 
backcrossing generation (Table 11). Those lines averaged 3.9% G. tomentella allele 
introgressions which does not deviate significantly from the random expected theoretical value 
without selection of 6.25% (Table 11). The BC4 and BC5 lines also had an average percent G. 
tomentella allele introgression that do not deviate significantly from the random expected 
theoretical amounts of 3.12 and 1.56% for BC4 and BC5 generations, respectively (Table 11). 
Percent introgression in the only BC6 line in the study was 3, which is significantly (χ2 = 6.37, P 
= 0.01) higher than the expected theoretical amount of 0.78% (Table 11). On average, there was 
a decrease in the percent G. tomentella allele introgression from the BC3 generation to the BC4 
generation (Table 11) which is not different from what would be expected from random 
backcrossing procedure without selection. The average amount of G. tomentella allele 
introgression does not decrease from the BC4 generation to the BC5 generation, but this may, in 
part, be due to the small number of lines in these generations (Table 11). All the experimental 
lines were derived from seven different BC2 parents, which had between 15 and 19 G. tomentella 
chromosomes plus the complete set of 40 soybean chromosomes. Little is known about the 
homology between the genomes of G. tomentella (2n = 78) PI 441001 and the genome of 
soybean and how those relationships will affect crossing-over. Which chromosomes are present 
in each BC2 plant may affect the final introgression percentages. Because SNPs were identified 
without a G. tomentella reference genome, it is likely that some 64 base pair GBS tags with G. 
tomentella SNPs may have been discarded since they did not align to the Williams 82 reference 
genome. It is therefore possible that the amount of G. tomentella allele introgression into the 




Associations between G. tomentella alleles and phenotypic traits  
Association studies are based on the fundamental assumption that the genetic variants 
underlying a phenotypic trait will co-segregate with the trait of interest in a given population. 
The statistical analyses are thus aimed at identifying the markers whose genotypes correlate best 
with the trait values across a population of individuals. A total of 180 lines were genotyped by 
sequencing and phenotyped in the field for two years in order to determine the genetic 
associations between SNP data and phenotypic data. 
Performing single-factor ANOVA to dissect the genetic associations between the G. 
tomentella alleles and the measured agronomic traits, we successfully identified significant 
associations for each of the traits. The significance threshold (–log10 (p)) obtained via 1000 
permutations were between 4.5 and 10.3, depending on the trait. Twelve and three SNPs were 
detected to be significantly associated with yield and maturity, respectively (Figures 23 and 24) 
whereas eleven and four SNPs were detected to be significantly associated with height and 
lodging, respectively (Figures 25 and 26). The most number of SNPs (14) were identified to be 
significantly associated with flowering (Figure 27). All the significant G. tomentella SNPs 
identified to be associated with measured agronomic traits except maturity were rare SNPs with 
introgression frequencies of less than 0.05. 
We identified 12 SNPs on chromosomes 2, 8, 9, 12, 13, and 17 to be significantly 
associated (–log10 (p) < 4.99) with yield and all resulted in yield decreases (Figure 23 and Table 
12). All of these SNPs were also related to small changes in the other traits measured including a 
1 to 2 day delay in flowering, a range of 1 day earlier to one day later time of maturity, a lodging 
score increase between 0.3 and 0.5 and a 6 to 8 cm increase in height. It is not likely that any of 
these changes would account for the large decreases in yield. There were 15 lines that had one or 
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more of the significant yield SNPs introgressed. Only three of those lines yielded significantly 
lower than the recurrent parent, Dwight; eight were equivalent in yield, and four yielded 
significantly more (Table 12). All 12 of the significant yield SNPs were introgressed into two 
lines, the third lowest yielding line (LG11-1499) from test III (Table 8), and the lowest yielding 
line (LG11-1496) from test IV (Table 10). It seems highly unusual that these two lines would 
share all 12 low frequency SNPs but they were derived from the same BC2 plant 06H1-3. Lines 
that yielded significantly more than Dwight and had none of these SNPs were also derived from 
this BC2 plant. LG11-3341 was the third line that was significantly lower yielding than Dwight 
and it had 7 of 12 SNPs introgressed (Table 12). These three lines were the only lines that had 
the one SNP declared significant in the CIM analysis introgressed.   
There were four lines that yielded significantly more than Dwight that had significant 
yield SNPs introgressed (Table 12). LG11-4258 (test IV, Table 10) had three yield SNPs on 
chromosomes 2, 9, and 12. The other three lines, LG11-2963 (test III, Table 8) and (LG11-1464 
and LG11-3441, test IV, Table 10), had two yield SNPs introgressed on chromosome 9 and one 
of chromosome 13 (Table 12). The SNPs introgressed into the lines yielding more than Dwight 
had among the smallest effects and were not confirmed by the CIM but the yield potential of 
these lines could be even greater if these QTL were removed.  
Four of the eight lines with yield SNPs that were equivalent to the yield of Dwight had 
only one SNP introgressed (Table 12). LG11-3094 and LG11-3095 both had two yield SNPs 
with the SNP on chromosome 13 (38 Mbp) commonly introgressed; LG09-1155 and LG11-1463 
had 3 and 6 yield SNPs introgressed, respectively. Five of the eight lines had the SNP on 
chromosome 13 (38 Mbp) introgressed (Table 12).  
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The significant SNP on chromosome 2 was associated with more than 200 kg/ha decrease 
in yield (Table 12) whereas the two SNPs on chromosome 8 were associated with a 344 and a 
294 kg/ha decrease in yield, respectively. These were among the largest yield decreases observed 
and because they are closely linked could be associated with the same QTL. There were three 
SNPs on chromosome 9 associated with yield decreases (Table 12). Two were closely linked 
(Mbp 37) and had relatively small effects (163 and 229 kg/ha). The third was in the same 
chromosomal region and resulted in a yield decrease of 272 kg/ha. Only one SNP was identified 
on chromosome 12 to be significantly associated with a decrease in yield of 196 kg/ha (Table 
12). There were three linked SNPs on chromosome 13 associated with lower yields. One at 38 
Mbp was associated with a 153 kg/ha decrease in yield and the other two at 39 Mbp were 
associated with much larger declines (286 kg/ha and 315 kg/ha). Two linked SNPs at 14 Mbp 
were identified to be associated with 217 kg/ha and 274 kg/ha decrease in yield on chromosome 
17 (Table 12). In all cases where there were more than one SNP associated with decreased yield, 
the SNPs were in within a Mbp of each other. Although in some cases the yield decrease 
differences between or among these linked SNPs were relatively large, they could be associated 
with the same QTL for yield.  
Only three SNPs on chromosome 4 (36, 37, and 39 Mbp) were identified to be 
significantly (–log10 (p) < 4.57) associated with maturity (Figure 24) and each of their effects 
were only a 1 day delay in time to maturity (Table 13). These SNPs were introgressed into more 
than fifty of the derived lines as shown by their relatively high frequencies (Table 13). The SNP 
at 36 Mbp was introgressed into 29 and 31 of the MGs III and IV lines respectively, but was not 
introgressed into any of the MG II lines whereas the SNP at 37 Mbp was introgressed into 7 of 
the MG II lines and 30 and 36 lines, respectively from MGs III and IV. The third significant SNP 
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for maturity at 39 Mbp was introgressed into 24 and 31 lines, respectively from MGs III and IV 
but not introgressed into any of the MG II lines. The only known soybean maturity (E) gene on 
chromosome 4 (Gm04) is E8 (Cober et al., 2010) which has been molecularly mapped to linkage 
group C1 between Sat_404 (73.8 cM) and Satt136 (75.11 cM) (Cober et al., 2010; 
www.soybase.org). We could not relate the physical positions of the significant maturity SNPs to 
the genetic distances of the SSR markers associated with E8 so the relationship between this 
QTL and E8 cannot be determined. The significant SNPs for seed yield and maturity identified in 
this study are located on different chromosomes, indicating that the yield loci are separate from 
the maturity loci. 
There were 11 SNPs on chromosomes 2, 9, 12, and 13 significantly associated (–log10 
(p) < 8.31) with height (Figure 25) but the effects were small ranging from 3 to 9 cm. There were 
four SNPs on chromosome 2 (Table 14). The SNP with the smallest effect on height (3 cm) was 
associated with no change in flowering, maturity and lodging, and a very small reduction in yield 
(Table 14). All of the other SNPs were associated with a 1 to 2 day delay in flowering, 0 to 1 day 
delay in maturity, and 0.3 to 0.5 increase in lodging scores. The SNP with the largest effect on 
height of 9 cm was also on chromosome 2 (Table 14). All of the SNPs, except for the one with 
the smallest effect on chromosome 2, were also significantly associated with reduced yield.  
Only four SNPs located on chromosomes 9 and 12 were identified to be significantly 
associated (–log10 (p) < 10.32) with lodging (Figure 26 and Table 15). These SNPs were also 
associated with decreases in yield, increases in height, and delays in time to flowering (Table 
15).  
There were 14 G. tomentella SNPs found to be significantly associated with flowering 
(Figure 27 and Table 16). This was the highest number for any trait measured, but effects were 
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either 1 or 2 day(s) delay in time to flowering but no change or 1 day increase in time to maturity 
(Table 16). 
 In the current study, we identified SNPs that were associated with multiple traits. Of the 
twelve SNPs found to be significantly associated with yield, eight were significantly associated 
with more than one trait. The SNP on chromosome 2 significantly associated with decreased 
yield (Table 12) was also associated with increased height (Table 14) and delay in time to 
flowering (Table 16). The three yield-significant SNPs on chromosome 9 and the one of 
chromosome 12 (Table 12) were significantly associated with height (Table 14), lodging (Table 
15) and time to flowering (Table 16). The three SNPs on chromosome 13 (Table 12) were 
significantly associated with height (Table 14) and flowering (Table 16). The two SNPs at 45 
and 50 Mbp on chromosome 2 significantly associated with height (Table 14) were found to be 
also associated with time to flowering (Table 14). A quantitative trait locus (QTL) refers to 
specific chromosomal region(s) mapped with molecular markers such as SNPs, to be underlying 
the expression of a quantitative trait. As agronomic traits in soybean may be genetically related 
with each other, it is possible that some of the shared associations are due to the QTL having a 
pleiotropic effect or gene linkage or a combination of both phenomena. However, the three SNPs 
on chromosome 4 (Table 13) found to be significantly associated with maturity were 
independent of associations with any other agronomic traits.  
We identified lines from three of the seven different BC2 parents that were significantly 
higher yielding than the recurrent parent, Dwight. Since the different BC2 parents were 
phenotypically distinct from each other and highly likely to have a different set of G. tomentella 
chromosomes, lines were further categorized into the different BC2 parent sources to determine if 
any of the significant genotype-phenotype associations identified were related to particular BC2 
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parents. However, we lost statistical power to detect any such associations as the sample size 
decreased substantially with the categorization and no associations were detected. 
Composite interval mapping (CIM) based on building a stepwise regression model which 
facilitates the selection of markers (SNPs) that have a major effect in a QTL region and 
simultaneously masks the effects of other minor QTL was employed to confirm the significant 
SNPs identified from the single-factor analysis. In this approach, the most significant SNP(s) 
were exploited as covariates. Table 17 shows the analysis of variance and the percent variation 
explained by the significant QTL for each trait. Since the derived lines came from different BC2 
parents and were evaluated in different tests, BC2 parent source and test were also included as 
covariates in the genotype-phenotype association analysis. There were significant differences 
between tests for flowering, maturity, height, and yield but not lodging (Table 17). Also, there 
were significant effect of BC2 parent on lodging and height but not flowering, maturity or yield. 
The R2 values for the significant SNP(s), ranged from 0.06 to 0.25, depending on trait (Table 
17).  
Only one SNP significantly associated with a 315 kg/ha decrease in yield was identified 
with the significant QTL explaining 6% of the yield variation (Table 17). This indicates that this 
SNP explains a small amount of the variation in yield and suggests that all the SNPs on 
chromosome 13 detected to be significantly associated with yield from the single-factor analysis 
(Table 12) may be linked to the same QTL. Similarly, only one SNP on chromosome 4 (36 Mbp) 
was identified to be significantly associated with 1 day delay in maturity date and the three SNPs 
on chromosome 4 (Table 13) may be linked to the same QTL. The significant QTL explained 6% 
of the variation in maturity (Table 17). On the other hand, two SNPs on chromosomes 2 (14 Mbp 
and 50 Mbp) (Table 14) were identified to be associated with 3 and 7 cm increase in height, and 
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explained 24 and 11%, respectively of the variation in height (Table 17). Just like yield and 
maturity, one SNP on chromosome 9 (36 Mbp) (Table 15) was identified to be associated with 
increase in lodging score and one SNP on chromosome 13 (39 Mbp) was detected to be 
associated with increased flowering date (Table 16). The significant lodging SNP was associated 
with only 0.5 increase in lodging score whereas the significant flowering SNP was associated 
with a 2 day delay in flowering (Table 16). Twenty-five percent of the variation in lodging was 
explained by the lodging QTL whereas 6% of the variation in flowering was explained by the 
flowering QTL (Table 17). The significant SNPs associated with each of the agronomic traits 
used as covariate(s) may be either functional polymorphisms affecting the respective traits or 
may be in strong linkage disequilibrium with functional polymorphisms in the respective traits.  
In using simple models for explaining genetic control of complex quantitative traits, it is 
assumed that individual loci act in additive and independent manners (Falconer and Mackay, 
1996; Lark et al., 1995). However, the importance of epistatic interactions among loci on 
polygenic traits was investigated and confirmed in different crops, including soybean (Lark et al., 
1995; Orf et al., 1999; Palomeque et al., 2009). Therefore, using CIM in the current study, 
epistatic interactions or linkage of SNPs on the same chromosome may be responsible for the 
non-significance of most of the SNPs detected from the single-factor ANOVA. The non-
significance of SNPs on other chromosomes, however, is difficult to explain but one possibility 
is that although the SNPs may not have been physically linked on the same chromosome, they 
may have been linked by selection to genes from the different chromosomes affecting the same 
trait. Therefore the most significant SNP for a trait absorbed the effects of the other SNPs in the 
CIM analysis, thus their non-significance.  
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This is the first report of field evaluation and genotyping of breeding lines derived from 
the soybean tertiary gene pool species, G. tomentella. This research has demonstrated that G. 
tomentella can be hybridized with soybean to introduce variation for yield and other important 
agronomic traits. Significant associations between G. tomentella alleles and yield increases were 
not detected even though twice as many derived lines were higher yielding than were lower 
yielding than the recurrent parent, Dwight. Pleiotropic effect of SNPs or linkage of SNPs to more 
than one trait is demonstrated by the G. tomentella alleles that were identified to be significantly 
associated with multiple traits. 
As association studies rely on the segregation of genotypes with phenotypes in a 
population, factors affecting the characteristics of either or both the phenotypic or genotypic data 
can severely affect the power and accuracy of detection. Factors such as low frequency of SNPs 
associated with yield increase, inability to detect SNPs that were associated with yield increase 
due to the lack of the G. tomentella reference genome and overall small population size, may 
have accounted for our inability to detect significant SNPs associated with yield increases in the 
current study, even though the phenotypic data show a number of lines that yielded significantly 
more than Dwight and in some cases had comparable yields to the best check cultivars tested. It 
is also possible that the significant yield increase we observe in these lines are a result of 
epigenetic factors (resulting in gene silencing of yield repressive genes or activation of gene 
enhancing genes in soybean) that arise from wide hybridization. We are currently developing 
mapping populations with some of the highest yielding lines identified in this study for QTL 
mapping and further utilization in breeding programs.  
The chromosomal regions (10 Mbp or larger) not encompassing the centromere with lack 
of G. tomentella allele introgressions may be an indication that these regions from G. tomentella 
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are non-homoeologous to that of soybean even though those chromosomes may pair up to some 
degree with soybean chromosomes. Perhaps the non-homoeology led to these regions not 
aligning to the Williams 82 reference genome, hence lack of SNPs from these regions. The lack 
of G. tomentella allele introgressions where the centromeres were involved may be the result of 
limited crossing-over known to exist in these regions. 
This study has showed significant differences among the genotypes for all the traits 
measured. A major achievement of this study is the phenomenal yield increases of nearly 500 
kg/ha more than Dwight observed in some of the G. tomentella-derived lines from three different 
BC2 plants. Because the yield increases vary in magnitude and each BC2 parent is likely to have 
a different complement of G. tomentella chromosomes, it is highly probable that the yield 
increases are not the function of a single introgressed QTL. To get such high yield increases 
from G. max × G. max crosses would be notable but to obtain that from backcrosses with the 
perennial species, G. tomentella, is totally unexpected. The highest yielding lines from this study 
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Table 1. Total number of G. tomentella-derived lines from backcrosses to soybean 
cultivar Dwight from each BC2 parent. 
  BC2 Parent   
Test 06H1-1 06H1-3 07H1-7 07H1-14 07H1-16 07H1-25 07H1-38 Total 
IIA 35 — 9 — 4 — — 48 
IIB — 44 — — — 1 2 47 
III 27 14 3 3 — — — 47 
IV 32 6 — — — — — 38 
Total 94 64 12 3 4 1 2 180 
— Lines from the BC2 parent were not included in this test. 
 
Table 2. Distribution of G. tomentella specific alleles on the soybean chromosomes in lines 
derived from backcrosses of PI 441001 with the soybean cultivar Dwight. 
Chromosome  Number of 
      Number G. tomentella alleles 
      1 63 
      2 76 
      3 48 
      4 64 
      5 81 
      6 81 
      7 49 
      8 67 
      9 66 
      10 76 
      11 79 
      12 55 
      13 73 
      14 38 
      15 73 
      16 56 
      17 68 
      18 43 
      19 43 
      20 43 
      Total  1242 
       
96 
 
Table 3. Combined analysis of variance of agronomic traits from lines derived from backcrossing G. 
tomentella PI 441001 to Dwight in test IIA across 14 environments in Nebraska, Missouri, Illinois 
and Ohio in 2013 and 2014.  
    Mean Square 
Source of 
variation df†† R1† Lod‡ Height§ R8¶ Yield Protein# Oil‡‡ 
G†† 50      3.1*** 0.3***     170.9***     42.1***     465189***     3.5***   0.9*** 
E†† 13 7723.2*** 6.7*** 11400.0*** 5439.7*** 32861010*** 50.6** 40.0*** 
R(E)†† 14       2.9** 0.2***     374.4***     18.2***   2105696***     2.4***   0.3NS 
E×G 650       1.2** 0.1***       28.5***       3.2***     166029***    0.4NS   0.2NS 
Residual 700 0.80 0.04 23.5 1.8      140276     0.4   0.2 
* Significance at 0.05.        
** Significance at 0.01.         
*** Significance at < 0.0001.         
† Flowering date (d after May 31) when 50% of plants had at least one flower measured in six environments over 2 yr.   
‡ Lodging score (1 = plant erect, 5 = prostrate) measured in twelve environments over 2 yr.       
§ Plant height was measured in twelve environments over 2 yr.         
¶ Maturity date (d after May 31) when 95% of pods were at final color measured in twelve environments over 2 yr.    
# Protein on a 13% moisture basis measured in six environments over 2 yr.        
‡‡ Oil on a 13% moisture basis measured in six environments over 2 yr.         
†† G, genotype; E, environment; R, replication; df, degrees of freedom; NS, not significant.      













Table 4. Means of agronomic traits of G. tomentella-derived lines and checks from test IIA averaged over 14 environments 
in Nebraska, Missouri, Illinois and Ohio in 2013 and 2014 and percent G. tomentella introgressed into each derived line 
based on 1242 single nucleotide polymorphisms. 
    BC2 R1 †  Height †  Lod §  R8 ¶  Yield Yld #  Prot †† Oil ‡‡ G. tom §§  
Entry Pedigree Parent (days) (cm) (1 - 5) (days) (kg/ha) (%) (g/kg) (g/kg) (%) 
Dwight Check 
 
32 86 2.0 108 4220 – 341 181 – 
IA2102 Check 
 
32 86 2.7 107 4543 108 342 181 – 
LD02-4485 Check 
 
31 83 2.0 106 4392 104 319 193 – 
LG09-1013 F3 Dwight (4) x PI 441001 06H1-1 31 90 2.1 109 4128 98 346 189 2 
LG09-12121 F3 Dwight (4) x PI 441001 06H1-1 33 84 1.6 110 4187 99 338 183 2 
LG09-12980 F3 Dwight (5) x PI 441001 06H1-1 32 83 2.0 109 4135 98 347 178 2 
LG10-12113 F4 Dwight (4) x PI 441001 06H1-1 33 84 1.9 111 4132 98 336 183 2 
LG10-12128 F4 Dwight (4) x PI 441001 06H1-1 32 83 1.6 109 4099 97 333 185 2 
LG10-12160 F4 Dwight (4) x PI 441001 06H1-1 32 84 1.8 110 4201 100 345 178 3 
LG10-12674 F4 Dwight (4) x PI 441001 06H1-1 31 83 1.7 107 4249 101 342 179 2 
LG10-12753 F4 Dwight (4) x PI 441001 06H1-1 32 85 2.1 108 3997 95 339 181 2 
LG10-12916 F3 Dwight (5) x PI 441001 06H1-1 32 83 1.8 107 4152 98 336 184 2 
LG10-12931 F3 Dwight (5) x PI 441001 06H1-1 32 84 2.0 108 4231 100 338 182 2 
LG10-12962 F2 Dwight (6) x PI 441001 06H1-1 32 81 1.8 107 4244 101 334 183 3 
LG10-13255 F2 Dwight (4) x PI 441001 06H1-1 32 84 1.7 109 4256 101 339 183 2 
LG10-13322 F3 Dwight (4) x PI 441001 06H1-1 33 85 1.9 108 4301 102 337 180 2 
LG10-13323 F3 Dwight (4) x PI 441001 06H1-1 32 80 1.7 107 4162 99 340 179 2 
LG10-13424 F2 Dwight (6) x PI 441001 06H1-1 33 79 1.8 107 4147 98 342 178 2 
LG10-13429 F2 Dwight (6) x PI 441001 06H1-1 32 82 2.0 108 4152 98 336 180 3 
LG10-13430 F2 Dwight (6) x PI 441001 06H1-1 32 80 1.7 107 4109 97 343 181 3 
LG11-1301 F3 Dwight (6) x PI 441001 06H1-1 32 82 1.9 109 4078 97 334 183 2 
LG11-1582 F6 Dwight (4) x PI 441001 06H1-1 33 82 2.1 113 3643 86 347 180 2 
LG11-2575 F5 Dwight (5) x PI 441001 06H1-1 32 82 1.6 110 4028 95 342 183 2 
LG11-2725 F6 Dwight (4) x PI 441001 06H1-1 32 77 1.7 109 4081 97 344 183 2 
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Table 4 (continued) 
LG11-2860 F6 Dwight (4) x PI 441001 06H1-1 32 84 2.2 111 4269 101 345 180 2 
LG11-2899 F6 Dwight (4) x PI 441001 06H1-1 32 79 1.8 107 4298 102 338 181 3 
LG11-4326 F6 Dwight (4) x PI 441001 06H1-1 32 89 2.1 111 4131 98 343 186 2 
LG11-4373 F7 Dwight (4) x PI 441001 06H1-1 32 80 1.7 109 4021 95 343 183 2 
LG11-4376 F7 Dwight (4) x PI 441001 06H1-1 32 82 1.6 108 4150 98 339 185 3 
LG11-4377 F7 Dwight (4) x PI 441001 06H1-1 32 82 1.8 108 4225 100 341 186 3 
LG11-11081 F2 Dwight (6) x PI 441001 06H1-1 32 81 2.1 108 4051 96 338 181 2 
LG11-11088 F2 Dwight (6) x PI 441001 06H1-1 32 82 2.0 107 4241 101 338 181 2 
LG11-11412 F2 Dwight (6) x PI 441001 06H1-1 32 80 1.9 108 3998 95 338 181 2 
LG11-11433 F2 Dwight (6) x PI 441001 06H1-1 31 80 1.7 106 4234 100 335 183 2 
LG11-11480 F2 Dwight (6) x PI 441001 06H1-1 33 78 2.1 108 4156 98 336 180 2 
LG11-11481 F2 Dwight (6) x PI 441001 06H1-1 33 78 1.8 107 4185 99 341 180 2 
LG11-11492 F2 Dwight (6) x PI 441001 06H1-1 32 79 1.8 108 4165 99 333 184 2 
LG11-11542 F2 Dwight (6) x PI 441001 06H1-1 32 83 2.0 108 4189 99 338 182 2 
LG11-4428 F2 Dwight (5) x PI 441001 07H1-7 32 86 2.2 109 4079 97 343 180 2 
LG11-10940 F2 Dwight (4) x PI 441001 07H1-7 32 84 1.6 109 4069 96 346 183 3 
LG11-11279 F2 Dwight (5) x PI 441001 07H1-7 32 87 2.6 109 4285 102 357 178 3 
LG11-11289 F2 Dwight (6) x PI 441001 07H1-7 33 84 1.6 108 4071 96 345 183 2 
LG11-11291 F2 Dwight (6) x PI 441001 07H1-7 32 82 1.8 108 4253 101 347 183 3 
LG11-11361 F2 Dwight (6) x PI 441001 07H1-7 33 82 1.8 109 4207 100 346 180 3 
LG11-11362 F2 Dwight (6) x PI 441001 07H1-7 33 80 1.8 110 4012 95 346 182 3 
LG11-11370 F2 Dwight (6) x PI 441001 07H1-7 33 80 1.8 109 4023 95 342 182 2 
LG11-11371 F2 Dwight (6) x PI 441001 07H1-7 33 83 2.0 109 4081 97 340 181 3 
LG11-11120 F2 Dwight (5) x PI 441001 07H1-16 32 81 1.8 108 4283 101 339 181 3 
LG11-11385 F2 Dwight (5) x PI 441001 07H1-16 33 79 1.7 108 4028 95 342 181 2 
LG11-11387 F2 Dwight (5) x PI 441001 07H1-16 33 82 1.8 108 4072 96 344 177 3 
LG11-11395 F2 Dwight (5) x PI 441001 07H1-16 32 81 2.0 108 4181 99 338 181 2 
LSD (P < 0.05)   1 3 0.2 1 197   5 3   
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Table 4 (continued) 
† Flowering date (d after May 31) when 50% of plants had at least one flower measured in six environments over 2 yr. 
‡ Height was measured in twelve environments over 2 yr. 
§ Lodging score (1 = plant erect, 5 = prostrate) measured in twelve environments over 2 yr.       
¶ Maturity date (d after May 31) measured in twelve environments over 2 yr.         
# Yield as a percentage of the recurrent parent, Dwight.           
†† Protein measured in six environments over 2 yr.           
‡‡ Oil measured in six environments over 2 yr.           
§§ Percent Glycine tomentella based on 1242 SNP markers obtained from genotyping by sequencing. 
      
Table 5. Combined analysis of variance of agronomic traits from lines derived from backcrossing 
G. tomentella PI 441001 to Dwight in test IIB across 12 environments in Nebraska, Missouri, 
Illinois and Ohio in 2013 and 2014.  
    Mean Square 
Source of 
variation df†† R1† Lod‡ Height§ R8¶ Yield 
G†† 49     1.8*   0.3***     122.2***     27.9***     417230*** 
E†† 11    10397.0***   9.2*** 14982.0*** 5830.3*** 42919393*** 
R(E)†† 12            2.2* 0.1**     182.6***     31.9***     975084*** 
E×G 539            1.2***   0.1***       24.1**       3.4***     172361NS 
Residual 588   0.7    0.03       18.1 2.2         152076 
* Significance at 0.05.        
** Significance at 0.01.         
*** Significance at < 0.0001.         
† Flowering date (d after May 31) when 50% of plants had at least one flower measured in six environments over 2 yr.   
‡ Lodging score (1 = plant erect, 5 = prostrate) measured in ten environments over 2 yr.        
§ Plant height was measured in ten environments over 2 yr.         
¶ Maturity date (d after May 31) when 95% of pods were at final color measured in ten environments over 2 yr.    
†† G, genotype; E, environment; R, replication; df, degrees of freedom; NS, not significant.  
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Table 6. Means of agronomic traits of G. tomentella-derived lines and checks from test IIB averaged over 12 environments 
in Nebraska, Missouri, Illinois and Ohio in 2013 and 2014 and percent G. tomentella introgressed into each derived line 
based on 1242 single nucleotide polymorphisms. 
    BC2 R1 † Height ‡ Lod §   R8 ¶ Yield Yld #   G. tom †† 
Entry Pedigree Parent (days) (cm) (1 - 5) (days) (kg/ha) (%) (%) 
Dwight Check 
 
35 85 1.9 110 4134 – – 
IA2102 Check 
 
34 85 2.4 108 4427 107 – 
LD02-4485 Check 
 
33 85 2.0 108 4412 107 – 
LG09-12021 F2 Dwight (5) x PI 441001 06H1-3 34 84 2.1 110 4114 100 2 
LG09-12061 F4 Dwight (4) x PI 441001 06H1-3 35 81 2.2 110 4072 99 2 
LG09-12062 F4 Dwight (4) x PI 441001 06H1-3 34 82 2.1 110 4215 102 3 
LG09-12350 F4 Dwight (4) x PI 441001 06H1-3 34 85 2.0 111 4240 103 2 
LG09-12665 F4 Dwight (4) x PI 441001 06H1-3 35 83 1.8 110 3990 97 2 
LG10-12076 F4 Dwight (4) x PI 441001 06H1-3 34 84 1.8 112 3968 96 2 
LG10-12179 F2 Dwight (6) x PI 441001 06H1-3 35 86 2.5 112 4239 103 3 
LG10-12211 F3 Dwight (4) x PI 441001 06H1-3 34 83 1.8 112 3857 93 2 
LG10-12212 F3 Dwight (4) x PI 441001 06H1-3 34 82 1.8 111 3876 94 2 
LG10-12237 F4 Dwight (4) x PI 441001 06H1-3 35 85 1.9 111 4332 105 3 
LG10-12298 F3 Dwight (5) x PI 441001 06H1-3 35 86 2.5 113 4342 105 3 
LG10-12313 F3 Dwight (5) x PI 441001 06H1-3 36 83 2.2 112 4376 106 2 
LG10-12353 F3 Dwight (5) x PI 441001 06H1-3 35 79 1.6 109 4163 101 2 
LG10-12364 F3 Dwight (5) x PI 441001 06H1-3 35 83 1.9 111 4264 103 3 
LG10-12367 F3 Dwight (5) x PI 441001 06H1-3 35 85 1.8 111 4235 102 2 
LG10-12378 F3 Dwight (5) x PI 441001 06H1-3 34 83 1.9 110 4215 102 3 
LG10-12406 F4 Dwight (5) x PI 441001 06H1-3 35 84 1.8 111 4066 98 2 
LG10-12413 F4 Dwight (5) x PI 441001 06H1-3 35 84 1.7 111 4187 101 2 
LG10-12427 F3 Dwight (5) x PI 441001 06H1-3 34 81 1.8 109 4062 98 2 
LG10-12448 F3 Dwight (5) x PI 441001 06H1-3 35 83 1.8 111 4191 101 2 
LG10-12453 F3 Dwight (5) x PI 441001 06H1-3 35 84 1.9 111 4268 103 2 
LG10-12468 F3 Dwight (5) x PI 441001 06H1-3 35 86 1.8 111 4374 106 3 
LG10-12478 F3 Dwight (5) x PI 441001 06H1-3 35 82 1.8 111 4194 101 2 
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Table 6 (continued) 
LG10-12559 F4 Dwight (4) x PI 441001 06H1-3 34 78 1.6 110 4139 100 3 
LG10-12577 F4 Dwight (4) x PI 441001 06H1-3 35 81 1.7 110 3964 96 2 
LG10-12579 F4 Dwight (4) x PI 441001 06H1-3 35 79 1.5 110 4215 102 2 
LG10-12582 F4 Dwight (4) x PI 441001 06H1-3 35 80 1.6 110 4220 102 3 
LG10-12648 F3 Dwight (6) x PI 441001 06H1-3 34 81 1.9 109 4196 101 2 
LG10-12731 F4 Dwight (4) x PI 441001 06H1-3 34 79 1.7 109 4135 100 3 
LG10-12983 F2 Dwight (6) x PI 441001 06H1-3 35 80 1.8 109 4190 101 3 
LG10-13048 F2 Dwight (7) x PI 441001 06H1-3 34 79 1.8 109 4146 100 3 
LG10-13076 F2 Dwight (6) x PI 441001 06H1-3 35 89 2.6 112 4020 97 3 
LG10-13078 F3 Dwight (4) x PI 441001 06H1-3 35 88 2.2 112 4141 100 2 
LG10-13273 F2 Dwight (6) x PI 441001 06H1-3 34 81 1.9 109 4274 103 2 
LG11-1221 F4 Dwight (6) x PI 441001 06H1-3 35 82 1.9 112 4203 102 2 
LG11-1222 F4 Dwight (6) x PI 441001 06H1-3 35 79 1.9 110 4348 105 2 
LG11-1237 F4 Dwight (5) x PI 441001 06H1-3 35 80 1.7 109 4027 97 2 
LG11-1241 F4 Dwight (5) x PI 441001 06H1-3 34 78 1.6 109 4132 100 2 
LG11-1262 F4 Dwight (6) x PI 441001 06H1-3 34 83 1.9 111 4219 102 3 
LG11-1266 F4 Dwight (6) x PI 441001 06H1-3 34 80 1.5 108 4009 97 2 
LG11-1270 F4 Dwight (6) x PI 441001 06H1-3 35 84 2.2 111 3981 96 2 
LG11-2080 F7 Dwight (4) x PI 441001 06H1-3 35 84 2.1 111 4089 99 2 
LG11-2297 F4 Dwight (6) x PI 441001 06H1-3 34 82 1.9 109 4142 100 2 
LG11-2318 F4 Dwight (5) x PI 441001 06H1-3 35 83 2.0 110 4203 102 3 
LG11-1432 F4 Dwight (5) x PI 441001 07H1-25 35 84 1.9 109 4005 97 3 
LG11-11017 F2 Dwight (5) x PI 441001 07H1-38 34 80 1.9 111 4213 102 3 
LG11-11018 F2 Dwight (5) x PI 441001 07H1-38 34 81 1.9 110 4037 98 2 
LSD (P < 0.05)   1 3 0.2 1 221     
† Flowering date (d after May 31) when 50% of plants had at least one flower measured in six environments over 2 yr.   
‡ Height was measured in ten environments over 2 yr.           
§ Lodging score (1 = plant erect, 5 = prostrate) measured in ten environments over 2 yr.      
¶ Maturity date (d after May 31) measured in ten environments over 2 yr.         
# Yield as a percentage of the recurrent parent, Dwight.           
†† Percent Glycine tomentella based on 1242 SNP markers obtained from genotyping by sequencing.    
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Table 7. Combined analysis of variance of agronomic traits from lines derived from backcrossing G. 
tomentella PI 441001 to Dwight in test III across 15 environments in Missouri, Illinois and Ohio in 
2013 and Nebraska, Missouri, Illinois and Ohio in 2014.  
    Mean Square 
Source of 
variation df †† R1† Lod‡ Height R8§ Yield 
G†† 49        8.1*** 0.3***     887.7***   144.2***   1435022*** 
E†† 14    10648.0*** 7.9*** 16678.0*** 7798.6*** 58378507*** 
R(E) †† 15            1.3NS 0.1***     193.7***       8.6***     690497*** 
E×G 686            1.5* 0.1***       34.5NS       5.9***     208868*** 
Residual 735  1.1   0.04       31.9 2.6         130949 
* Significance at 0.05.        
** Significance at 0.01.         
*** Significance at < 0.0001.         
† Flowering date (d after May 31) when 50% of plants had at least one flower measured in four environments over 2 yr.  
‡ Lodging score (1 = plant erect, 5 = prostrate).         
§ Maturity date (d after May 31) when 95% of pods were at final color measured in thirteen environments over 2 yr.    
†† G, genotype; E, environment; R, replication; df, degrees of freedom; NS, not significant.      
















Table 8. Means of agronomic traits of G. tomentella-derived lines and checks from test III averaged over 15 environments in 
Missouri, Illinois and Ohio in 2013 and Nebraska, Missouri, Illinois and Ohio in 2014 and percent G. tomentella introgressed 
into each derived line based on 1242 single nucleotide polymorphisms. 
    BC2 R1 †  Height  Lod ‡ R8 §  Yield Yld ¶   G. tom # 
Entry Pedigree Parent (days) (cm) (1 - 5) (days) (kg/ha) (%) (%) 
Dwight Check 
 
35 79 1.8 107 3524 – – 
IA3023 Check 
 
37 84 1.9 115 4094 116 – 
IA3048 Check 
 
35 81 2.0 113 3932 112 – 
LG09-1155 F3 Dwight (4) x PI 441001 06H1-1 34 85 1.9 111 3531 100 64 
LG09-11994 F3 Dwight (4) x PI 441001 06H1-1 35 75 1.5 108 3280 93 3 
LG09-12041 F2 Dwight (5) x PI 441001 06H1-1 36 92 2.2 115 3289 93 2 
LG09-12127 F2 Dwight (5) x PI 441001 06H1-1 36 78 1.7 109 3463 98 2 
LG09-12315 F3 Dwight (4) x PI 441001 06H1-1 37 79 1.8 110 3322 94 3 
LG09-12463 F4 Dwight (4) x PI 441001 06H1-1 36 80 1.7 114 3657 104 3 
LG09-12472 F4 Dwight (4) x PI 441001 06H1-1 36 79 1.7 114 3598 102 3 
LG09-12833 F4 Dwight (4) x PI 441001 06H1-1 37 75 1.7 114 3391 96 3 
LG10-10821 F2 Dwight (5) x PI 441001 06H1-1 36 78 1.9 110 3083 87 3 
LG10-10833 F2 Dwight (5) x PI 441001 06H1-1 36 76 1.7 112 3002 85 2 
LG10-12166 F4 Dwight (4) x PI 441001 06H1-1 36 79 1.6 110 3356 95 2 
LG10-13268 F2 Dwight (6) x PI 441001 06H1-1 36 77 1.7 114 3534 100 3 
LG10-13410 F2 Dwight (6) x PI 441001 06H1-1 35 77 1.7 115 3621 103 2 
LG11-2805 F6 Dwight (4) x PI 441001 06H1-1 36 77 1.7 114 3560 101 3 
LG11-3223 F6 Dwight (4) x PI 441001 06H1-1 36 84 1.8 114 3692 105 2 
LG11-3225 F6 Dwight (4) x PI 441001 06H1-1 37 82 1.8 116 3528 100 3 
LG11-3321 F6 Dwight (4) x PI 441001 06H1-1 36 89 2.2 114 3466 98 5 
LG11-3444 F6 Dwight (4) x PI 441001 06H1-1 37 87 1.9 115 3248 92 3 
LG11-4037 F6 Dwight (4) x PI 441001 06H1-1 37 84 1.7 112 3640 103 3 
LG11-4311 F6 Dwight (4) x PI 441001 06H1-1 36 82 1.6 115 3717 105 3 
LG11-4330 F6 Dwight (4) x PI 441001 06H1-1 36 86 2.3 113 3739 106 3 
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Table 8 (continued) 
LG11-4358 F7 Dwight (4) x PI 441001 06H1-1 37 80 1.8 115 3451 98 2 
LG11-11465 F2 Dwight (6) x PI 441001 06H1-1 35 74 1.9 112 3426 97 3 
LG09-12059 F4 Dwight (4) x PI 441001 06H1-3 36 78 1.9 109 3648 104 3 
LG09-12690 F4 Dwight (4) x PI 441001 06H1-3 36 78 1.8 114 3624 103 2 
LG10-12331 F3 Dwight (5) x PI 441001 06H1-3 35 78 2.0 114 3538 100 3 
LG10-13149 F3 Dwight (5) x PI 441001 06H1-3 36 81 2.1 115 3731 106 3 
LG11-1499 F6 Dwight (4) x PI 441001 06H1-3 40 101 2.4 114 3132 89 5 
LG11-1502 F6 Dwight (4) x PI 441001 06H1-3 38 92 2.2 117 3664 104 2 
LG11-1505 F6 Dwight (4) x PI 441001 06H1-3 36 90 2.3 114 3684 105 3 
LG11-2051 F7 Dwight (4) x PI 441001 06H1-3 38 84 2.1 115 3798 108 2 
LG11-2052 F7 Dwight (4) x PI 441001 06H1-3 38 82 2.1 116 3788 107 3 
LG11-2065 F7 Dwight (4) x PI 441001 06H1-3 35 82 1.8 109 3630 103 3 
LG11-2086 F7 Dwight (4) x PI 441001 06H1-3 35 81 2.0 109 3397 96 3 
LG11-2963 F6 Dwight (4) x PI 441001 06H1-3 36 85 2.3 114 3901 111 3 
LG11-3094 F6 Dwight (4) x PI 441001 06H1-3 36 88 2.2 114 3404 97 4 
LG11-3095 F6 Dwight (4) x PI 441001 06H1-3 36 90 1.6 113 3515 100 4 
LG11-4395 F2 Dwight (5) x PI 441001 07H1-7 35 76 1.8 114 3381 96 3 
LG11-4421 F2 Dwight (5) x PI 441001 07H1-7 36 79 1.7 110 3273 93 2 
LG11-10931 F2 Dwight (4) x PI 441001 07H1-7 37 81 2.0 116 3738 106 3 
LG11-1340 F4 Dwight (5) x PI 441001 07H1-14 37 85 2.1 116 3703 105 3 
LG11-11319 F2 Dwight (5) x PI 441001 07H1-14 37 76 1.6 113 3515 100 3 
LG11-11326 F2 Dwight (5) x PI 441001 07H1-14 37 74 1.6 113 3337 95 3 
LSD (P < 0.05)   1 3 0.2 1 183     
† Flowering date (d after May 31) when 50% of plants had at least one flower measured in six environments over 2 yr.   
‡ Lodging score (1 = plant erect, 5 = prostrate).           
§ Maturity date (d after May 31) measured in thirteen environments over 2 yr.         
¶ Yield as a percentage of the recurrent parent, Dwight.           
# Percent Glycine tomentella based on 1242 SNP markers obtained from genotyping by sequencing. 
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Table 9. Combined analysis of variance of agronomic traits from lines derived from backcrossing G. 
tomentella PI 441001 to Dwight in test IV across 15 environments in Missouri, Illinois and Ohio in 2013 
and Nebraska, Missouri, Illinois and Ohio in 2014.  
    Mean Square 
Source of 
variation df†† R1† Lod‡ Height R8§ Yield Protein¶ Oil# 
G†† 40       15.2*** 1.3***   1224.3***   134.9***   1733622***     4.2***     0.9*** 
E†† 14 10161.0*** 6.1*** 12849.0*** 5344.1*** 37841871*** 41.0** 24.7** 
R(E)†† 15         3.6* 0.2***     220.4***     40.8***     789079***     1.6***   0.5** 
E×G 560         2.7*** 0.1***       34.4**       5.2***    204352***   0.4** 0.2* 
Residual 600 1.1 0.04 26.7 2.2     109255     0.3      0.1 
* Significance at 0.05.        
** Significance at 0.01.         
*** Significance at < 0.0001.         
† Flowering date (d after May 31) when 50% of plants had at least one flower measured in four environments over 2 yr.  
‡ Lodging score (1 = plant erect, 5 = prostrate).         
§ Maturity date (d after May 31) when 95% of pods were at final color measured in thirteen environments over 2 yr.    
¶ Protein on a 13% moisture basis measured in five environments over 2 yr.         
# Oil on a 13% moisture basis measured in five environments over 2 yr.         
†† G, genotype; E, environment; R, replication; df, degrees of freedom; NS, not significant.      









Table 10. Means of agronomic traits of G. tomentella-derived lines and checks from test IV averaged over 15 environments 
in Missouri, Illinois and Ohio in 2013 and Nebraska, Missouri, Illinois and Ohio in 2014 and percent G. tomentella 
introgressed into each derived line based on 1242 single nucleotide polymorphisms. 
    BC2 R1 † Height Lod ‡  R8 § Yield Yld ¶   Prot #  Oil ††  G. tom ‡‡ 
Entry Pedigree Parent (days) (cm) (1 - 5) (days) (kg/ha) (%) (g/kg) (g/kg) (%) 
Dwight Check 
 
35 80 1.9 108 3505 – 343 182 – 
IA4005 Check 
 
37 80 1.7 121 4229 121 335 188 – 
LG04-6000 Check 
 
39 97 2.4 121 4326 123 331 179 – 
LG09-1073 F3 Dwight (4) x PI 441001 06H1-1 35 85 1.9 117 3601 103 338 186 4 
LG09-1113 F3 Dwight (4) x PI 441001 06H1-1 36 82 2.0 116 3417 98 341 187 4 
LG09-12138 F3 Dwight (4) x PI 441001 06H1-1 36 84 2.0 116 3782 108 341 182 3 
LG09-12142 F3 Dwight (4) x PI 441001 06H1-1 36 80 1.7 114 3689 105 345 183 3 
LG09-12602 F3 Dwight (4) x PI 441001 06H1-1 36 83 1.6 115 3805 109 340 184 4 
LG09-12982 F4 Dwight (4) x PI 441001 06H1-1 37 82 1.7 115 3792 108 346 181 2 
LG10-13063 F2 Dwight (5) x PI 441001 06H1-1 37 82 1.8 116 3524 101 346 180 2 
LG10-13222 F3 Dwight (4) x PI 441001 06H1-1 36 84 2.0 116 3897 111 345 180 2 
LG11-1389 F6 Dwight (4) x PI 441001 06H1-1 37 84 2.0 116 3878 111 350 180 3 
LG11-1402 F6 Dwight (4) x PI 441001 06H1-1 36 80 1.4 115 3491 100 335 187 3 
LG11-2736 F6 Dwight (4) x PI 441001 06H1-1 36 80 1.6 114 3893 111 341 183 3 
LG11-3187 F6 Dwight (4) x PI 441001 06H1-1 36 85 2.0 114 3979 114 351 177 3 
LG11-3191 F6 Dwight (4) x PI 441001 06H1-1 36 81 1.6 116 3747 107 336 185 2 
LG11-3214 F6 Dwight (4) x PI 441001 06H1-1 36 80 1.5 115 3653 104 348 183 2 
LG11-3224 F6 Dwight (4) x PI 441001 06H1-1 38 97 3.2 119 3518 100 350 185 4 
LG11-3233 F6 Dwight (4) x PI 441001 06H1-1 36 89 2.2 116 3737 107 344 184 3 
LG11-3341 F6 Dwight (4) x PI 441001 06H1-1 42 105 3.3 119 3217 92 355 174 4 
LG11-3349 F6 Dwight (4) x PI 441001 06H1-1 38 83 1.7 117 3694 105 350 183 2 
LG11-3370 F6 Dwight (4) x PI 441001 06H1-1 37 85 2.0 117 3995 114 350 180 3 
LG11-3375 F6 Dwight (4) x PI 441001 06H1-1 36 83 1.9 117 3937 112 345 180 2 
LG11-3441 F6 Dwight (4) x PI 441001 06H1-1 36 86 1.9 117 3922 112 340 183 39 
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Table 10 (continued) 
LG11-3463 F6 Dwight (4) x PI 441001 06H1-1 36 92 1.8 118 3978 114 340 181 4 
LG11-3740 F6 Dwight (4) x PI 441001 06H1-1 37 79 1.8 116 3857 110 343 182 3 
LG11-4224 F6 Dwight (4) x PI 441001 06H1-1 37 82 1.8 117 3767 107 344 180 3 
LG11-4233 F6 Dwight (4) x PI 441001 06H1-1 37 82 1.7 116 3730 106 344 182 2 
LG11-4258 F6 Dwight (4) x PI 441001 06H1-1 39 90 2.1 119 3750 107 346 182 5 
LG11-4265 F6 Dwight (4) x PI 441001 06H1-1 40 89 2.0 120 3627 103 340 180 4 
LG11-4284 F6 Dwight (4) x PI 441001 06H1-1 37 83 1.8 117 3802 108 341 183 3 
LG11-4287 F6 Dwight (4) x PI 441001 06H1-1 38 81 1.5 117 3864 110 339 184 2 
LG11-4301 F6 Dwight (4) x PI 441001 06H1-1 38 77 1.5 115 3644 104 330 189 2 
LG11-4320 F6 Dwight (4) x PI 441001 06H1-1 37 83 1.7 118 3819 109 343 184 4 
LG11-4475 F2 Dwight (6) x PI 441001 06H1-1 36 84 2.0 116 3763 107 345 181 4 
LG09-12682 F4 Dwight (4) x PI 441001 06H1-3 37 81 1.5 116 3857 110 340 183 2 
LG09-12732 F4 Dwight (4) x PI 441001 06H1-3 36 78 1.7 115 3721 106 339 181 2 
LG11-1210 F4 Dwight (5) x PI 441001 06H1-3 37 91 2.4 117 3743 107 335 187 4 
LG11-1463 F6 Dwight (4) x PI 441001 06H1-3 37 93 3.0 118 3614 103 349 186 4 
LG11-1464 F6 Dwight (4) x PI 441001 06H1-3 36 97 2.3 117 3805 109 343 181 20 
LG11-1496 F6 Dwight (4) x PI 441001 06H1-3 39 98 3.5 113 2914 83 365 180 5 
LSD (P < 0.05)     1 3 0.2 1 168   4 3   
† Flowering date (d after May 31) when 50% of plants had at least one flower measured in six environments over 2 yr.   
‡ Lodging score (1 = plant erect, 5 = prostrate).           
§ Maturity date (d after May 31) measured in thirteen environments over 2 yr.         
¶ Yield as a percentage of the recurrent parent, Dwight.           
# Protein measured in five environments over 2 yr.           
†† Oil measured in five environments over 2 yr.           
‡‡ Percent Glycine tomentella based on 1242 SNP markers obtained from genotyping by sequencing.     
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Table 11.  Average percent G. tomentella introgressed into all lines for each backcrossing 
generation to Dwight based on 1242 single nucleotide polymorphisms.  
Number of No. of  Avg. %    % G. tomentella  
Backcrosses † entries G. tomentella ‡ X2 § range 
3 102 3.9 0.94 (0.33)   2 – 64 
4 43 2.5 0.13 (0.72) 2 – 4 
5 34 2.5 0.13 (0.72) 2 – 4 
6 1 3 6.37 (0.01) 3 
† Number of backcrosses to recurrent parent, Dwight.     
‡ Average percent Glycine tomentella based on 1242 SNP markers obtained from genotyping by 
sequencing.     
§ Chi square test of deviations of % G. tomentella from expected proportions of 6.25%, 3.125%, 
1.56%, and 0.78% for BC3, BC4, BC5, and BC6 lines respectively without selection (significance 
probability levels in parentheses).     
































Table 12. Frequency of Glycine tomentella specific alleles significantly associated with seed yield and their effects on 
flowering, lodging, height, maturity and seed yield. 
    Effect   
Entries with significant SNP§ 
  
Chr Position Flowering Lodging Height Maturity Yield Freq‡ P-value 
No. † (Mbp) (days) (1 - 5) (cm) (days) (kg/ha)   of association 
2 14 2 0.4 7 0 -215 0.025 LG11-1496 (L) LG11-1499 (L) 8.0 × 10-8 
        
LG09-1155 (E) LG11-4258 (H) 
 8 4 1 0.4 7 -1 -344 0.011 LG11-1496 (L) LG11-1499 (L) 3.5 × 10-9 
8 4 1 0.4 7 -1 -294 0.014 LG11-1496 (L) LG11-1499 (L) 1.0 × 10-7 
                LG09-12350 (E)   
 9 36 1 0.5 7 0 -272 0.022 LG11-1496 (L) LG11-1499 (L) 6.7 × 10-11 
                LG11-3341 (L) LG11-1463 (E)  
 9 37 1 0.5 7 0 -229 0.028 LG11-1496 (L) LG11-1499 (L) 5.3 × 10-9 
        
LG11-3341 (L) LG11-1463 (E)  
                LG11-1464 (H)   
 9 37 1 0.4 6 1 -163 0.036 LG11-1496 (L) LG11-1499 (L) 5.1 × 10-6 
        
LG11-3341 (L) LG11-1463 (E)  
        
LG11-3094 (E)  LG11-2963 (H) 
                 LG11-4258 (H)   
 12 1 1 0.5 7 1 -196 0.028 LG11-1496 (L) LG11-1499 (L) 5.7 × 10-7 
        
LG11-3341 (L) LG11-3321 (E)  
                LG11-3224 (E)  LG11-4258 (H) 
 13 38 1 0.3 6 0 -153 0.042 LG11-1496 (L) LG11-1499 (L) 4.7 × 10-6 
        
LG11-3341 (L) LG09-1155 (E) 
 
        
LG11-1463 (E)  LG11-3094 (E)  
        
LG11-3095 (E)  LG11-4265 (E)  
                LG11-3441 (H)   
 13 39 2 0.5 8 0 -286 0.019 LG11-1496 (L) LG11-1499 (L) 2.0 × 10-10 




Table 12 (continued) 
  Effect     
Chr Position Flowering Lodging Height Maturity Yield Freq‡ Entries with significant SNP§ P-value 
No. † (Mbp) (days) ((1 - 5) (cm) (days) (kg/ha)  of association 
13 39 2 0.5 8 0 -315 0.017 LG11-1496 (L) LG11-1499 (L) 1.3 × 10-11 
                LG11-3341 (L)   
 17 14 1 0.3 6 0 -217 0.022 LG11-1496 (L) LG11-1499 (L) 8.3 × 10-7 
                LG11-1463 (E)  LG11-3095 (E)  
 17 14 1 0.5 6 0 -274 0.017 LG11-1496 (L) LG11-1499 (L) 3.1 × 10-8 
                LG11-1463 (E)    
 † Chromosome number 
‡ Allele frequency of each SNP calculated as an average over the G. tomentella-derived lines.       
§ In parentheses after each entry name are yield classes: L, significantly lower than Dwight; E, equivalent to Dwight; H, significantly 





















Table 13. Frequency of Glycine tomentella specific alleles significantly associated with maturity and their 
effects on flowering, lodging, height, maturity and yield. 
    Effect     
Chromosome Position Flowering Lodging Height Maturity Yield Frequency† P-value  
number (Mbp) (days) (1 - 5) (cm) (days) (kg/ha)   of association 
4 36 0 0.0 0 1 48 0.275 4.7 × 10-11 
4 37 0 0.0 1 1 32 0.297 7.9 × 10-9 
4 39 0 -0.1 -2 1 35 0.286 5.1 × 10-8 
† Allele frequency of each SNP calculated as an average over the G. tomentella-derived lines. 
 
 
Table 14. Frequency of Glycine tomentella specific alleles significantly associated with height and their 
effects on flowering, lodging, height, maturity and yield. 
    Effect     
Chromosome Position Flowering Lodging Height Maturity Yield Frequency† P-value  
number (Mbp) (days) (1 - 5) (cm) (days) (kg/ha)   of association 
2 14 0 0 3 0 -28 0.144 1.0 × 10-9 
2 14 2 0.4 7 0 -215 0.025 1.9 × 10-11 
2 45 2 0.4 9 1 -183 0.014 5.1 × 10-10 
2 50 1 0.4 7 1 -100 0.028 7.9 × 10-14 
9 36 1 0.5 7 0 -272 0.022 1.1 × 10-11 
9 37 1 0.5 7 0 -229 0.028 8.1 × 10-14 
9 37 1 0.4 6 1 -163 0.036 3.4 × 10-10 
12 1 1 0.5 7 1 -196 0.028 1.6 × 10-12 
13 38 1 0.3 6 0 -153 0.042 6.2 × 10-11 
13 39 2 0.5 8 0 -286 0.019 5.3 × 10-12 
13 39 2 0.5 8 0 -315 0.017 5.1 × 10-12 





Table 15. Frequency of Glycine tomentella specific alleles significantly associated with lodging and their 
effects on flowering, lodging, height, maturity and yield. 
    Effect     
Chromosome Position Flowering Lodging Height Maturity Yield Frequency† P-value  
number (Mbp) (days) (1 - 5) (cm) (days) (kg/ha)   of association 
9 36 1 0.5 7 0 -272 0.022 8.8 × 10-14 
9 37 1 0.5 7 0 -229 0.028 1.9 × 10-12 
9 37 1 0.4 6 1 -163 0.036 1.3 × 10-11 
12 1 1 0.5 7 1 -196 0.028 4.7 × 10-13 
























Table 16. Frequency of Glycine tomentella specific alleles significantly associated with flowering and their effects on flowering, 
lodging, height, maturity and yield. 
    Effect     
Chromosome Position Flowering Lodging Height Maturity Yield Frequency† P-value  
number (Mbp) (days) (1 - 5) (cm) (days) (kg/ha)   of association 
2 11 1 0.2 5 0 -156 0.031 5.1 × 10-6 
2 14 2 0.4 7 0 -215 0.025 3.1 × 10-12 
2 45 2 0.4 9 1 -183 0.014 3.1 × 10-11 
2 50 1 0.4 7 1 -100 0.028 9.4 × 10-8 
3 1 1 0.3 5 1 -117 0.033 2.8 × 10-6 
4 17 1 0.1 3 1 10 0.122 1.5 × 10-6 
9 36 1 0.5 7 0 -272 0.022 1.1 × 10-10 
9 37 1 0.5 7 0 -229 0.028 2.3 × 10-7 
9 37 1 0.4 6 1 -163 0.036 5.9 × 10-8 
12 0.4 1 0.5 7 1 -153 0.022 1.6 × 10-8 
12 1 1 0.5 7 1 -196 0.028 3.2 × 10-11 
13 38 1 0.3 6 0 -153 0.042 7.6 × 10-8 
13 39 2 0.5 8 0 -286 0.019 1.6 × 10-10 
13 39 2 0.5 8 0 -315 0.017 5.9 × 10-14 
† Allele frequency of each SNP calculated as an average over the G. tomentella-derived lines.
114 
 
Table 17. Analysis of variance of identified significant quantitative trait loci on 
agronomic traits in lines derived from backcrossing PI 441001 to Dwight from all 
environments in Nebraska, Missouri, Illinois and Ohio in 2013 and 2014.  
    Mean Square     
Source of 
variation df†† R1† Lod‡ Height R8§ Yield Effect¶ R2# 
    (days) (1 - 5) (cm) (days) (kg/ha)     
T†† 3 192.5***  0.1NS  85.9*** 477.6*** 4922051*** – – 
P†† 2    1.1NS   0.6*** 125.9***    2.9NS    28211NS – – 
QTL1_yield 1 – – – – 1098773*** -315 0.06 
QTL1_maturity 1 – – –  122.3*** – 1 0.06 
QTL1_height 1 – – 898.9*** – – 7 0.24 
QTL2_height 1 – – 497.1*** – – 3 0.11 
QTL1_lodging 1 – 4.1*** – – – 0.5 0.25 
QTL1_flowering 1 40.6*** – – – – 2 0.06 
* Significance at 0.05.        
** Significance at 0.01.         
*** Significance at < 0.0001.         
† Flowering date (d after May 31) when 50% of plants had at least one flower.   
‡ Lodging score (1 = plant erect, 5 = prostrate).        
§ Maturity date (d after May 31) when 95% of pods were at final color.     
¶ Effect of the significant QTL (SNP) on the respective trait.      
# Percent phenotypic variation explained by the significant QTL.      
†† T, test; P, BC2 parent; df, degrees of freedom; NS, not significant; QTL, quantitative trait 






























Figure 1. Genomic DNA of Dwight and G. tomentella (2n = 78) digested with different enzyme 
combinations. 
M: 100bp marker; D: Soybean cultivar, Dwight; T: Glycine tomentella (PI 441001) 
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Figure 2. Introgression frequencies on all 20 soybean chromosomes for Glycine tomentella 
specific alleles into the 180 Glycine tomentella-derived lines. The X-axis represents genomic 
location along the twenty soybean chromosomes and the Y-axis represents the introgression 














Figure 3. Introgression frequencies on chromosome 1 of Glycine tomentella specific alleles into 
the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance in 
megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Star indicates approximate location of centromere (16.6 Mbp) obtained 
from soybean genome browser in SoyBase. 
 
 
Figure 4. Introgression frequencies on chromosome 2 of Glycine tomentella specific alleles into 
the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance in 
megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Star indicates approximate location of centromere (22.5 Mbp) obtained 






Figure 5. Introgression frequencies on chromosome 3 of Glycine tomentella specific alleles into 
the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance in 
megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Rectangle marks approximately a 22 Mbp region with no G. tomentella 
SNP introgressions. Star indicates approximate location of centromere (13 Mbp) obtained from 
soybean genome browser in SoyBase. 
 
 
Figure 6. Introgression frequencies on chromosome 4 of Glycine tomentella specific alleles into 
the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance in 
megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Star indicates approximate location of centromere (23 Mbp) obtained 





Figure 7. Introgression frequencies on chromosome 5 of Glycine tomentella specific alleles into 
the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance in 
megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Star indicates approximate location of centromere (17 Mbp) obtained 




Figure 8. Introgression frequencies on chromosome 6 of Glycine tomentella specific alleles into 
the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance in 
megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Star indicates approximate location of centromere (31.5 Mbp) obtained 





Figure 9. Introgression frequencies on chromosome 7 of Glycine tomentella specific alleles into 
the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance in 
megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Rectangle marks approximately a 13 Mbp region with no G. tomentella 
SNP introgressions. Star indicates approximate location of centromere (22 Mbp) obtained from 
soybean genome browser in Soybase. 
 
Figure 10. Introgression frequencies on chromosome 8 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Rectangle marks approximately a 10 Mbp region with no G. tomentella 
SNP introgressions. Star indicates approximate location of centromere (28.8 Mbp) obtained from 





Figure 11. Introgression frequencies on chromosome 9 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Rectangle marks approximately a 10 Mbp region with no G. tomentella 
SNP introgressions. Star indicates approximate location of centromere (23.5 Mbp) obtained from 
soybean genome browser in SoyBase. 
 
 
Figure 12. Introgression frequencies on chromosome 10 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Rectangle marks approximately a 10 Mbp region with no G. tomentella 
SNP introgressions. Star indicates approximate location of centromere (21.9 Mbp) obtained from 




Figure 13. Introgression frequencies on chromosome 11 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Star indicates approximate location of centromere (23.5 Mbp) obtained 
from soybean genome browser in SoyBase. 
 
 
Figure 14. Introgression frequencies on chromosome 12 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Star indicates approximate location of centromere (26.1 Mbp) obtained 




Figure 15. Introgression frequencies on chromosome 13 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Star indicates approximate location of centromere (16 Mbp) obtained 
from soybean genome browser in SoyBase. 
 
 
Figure 16. Introgression frequencies on chromosome 14 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Rectangle marks approximately a 25 Mbp region with no G. tomentella 
SNP introgressions. Star indicates approximate location of centromere (15.5 Mbp) obtained from 





Figure 17. Introgression frequencies on chromosome 15 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Star indicates approximate location of centromere (38.5 Mbp) obtained 




Figure 18. Introgression frequencies on chromosome 16 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Rectangle marks approximately a 10 Mbp region with no G. tomentella 
SNP introgressions. Star indicates approximate location of centromere (15.5 Mbp) obtained from 




Figure 19. Introgression frequencies on chromosome 17 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Star indicates approximate location of centromere (26.4 Mbp) obtained 




Figure 20. Introgression frequencies on chromosome 18 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Rectangle marks approximately an 18 Mbp region with no G. tomentella 
SNP introgressions. Star indicates approximate location of centromere (27.2 Mbp) obtained from 




Figure 21. Introgression frequencies on chromosome 19 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Rectangle marks approximately a 10 Mbp region with no G. tomentella 
SNP introgressions. Star indicates approximate location of centromere (23.8 Mbp) obtained from 
soybean genome browser in SoyBase. 
 
 
Figure 22. Introgression frequencies on chromosome 20 of Glycine tomentella specific alleles 
into the 180 Glycine tomentella-derived soybean lines. The X-axis represents physical distance 
in megabase pairs (Mbp) along the chromosome and the Y-axis represents the introgression 
frequency of each SNP. Rectangle marks approximately a 10 Mbp region with no G. tomentella 
SNP introgressions. Star indicates approximate location of centromere (7.2 Mbp) obtained from 






Figure 23. Manhattan plot depicting associations between Glycine tomentella specific alleles and yield in 
lines derived from backcrossing PI 441001 to Dwight. Each dot represents a SNP, with the X-axis 
showing genomic location along the twenty soybean chromosomes and the Y-axis showing association 
level. The horizontal line across the figure is the significance threshold (p-value < 1.02 × 10-5 or –log10 
(p) < 4.99) obtained after performing 1000 permutation tests. SNPs above the significance threshold are 
significantly associated with yield while SNPs below the threshold do not have a significant association 




Figure 24. Manhattan plot depicting associations between Glycine tomentella specific alleles and 
maturity in lines derived from backcrossing PI 441001 to Dwight. Each dot represents a SNP, with the X-
axis showing genomic location along the twenty soybean chromosomes and the Y-axis showing 
association level. The horizontal line across the figure is the significance threshold (p-value < 2.68 × 10-5 
or –log10 (p) < 4.57) obtained after performing 1000 permutation tests. SNPs above the significance 
threshold are significantly associated with maturity while SNPs below the threshold do not have a 
significant association with maturity. 
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Figure 25. Manhattan plot depicting associations between Glycine tomentella specific alleles and 
height in lines derived from backcrossing PI 441001 to Dwight. Each dot represents a SNP, with the 
X-axis showing genomic location along the twenty soybean chromosomes and the Y-axis showing 
association level. The horizontal line across the figure is the significance threshold (p-value < 4.90 × 
10-9 or –log10 (p) < 8.31) obtained after performing 1000 permutation tests. SNPs above the 
significance threshold are significantly associated with height while SNPs below the threshold do not 





Figure 26. Manhattan plot depicting associations between Glycine tomentella specific alleles and 
lodging in lines derived from backcrossing PI 441001 to Dwight. Each dot represents a SNP, with the 
X-axis showing genomic location along the twenty soybean chromosomes and the Y-axis showing 
association level. The horizontal line across the figure is the significance threshold (p-value < 4.75 × 
10-11 or –log10 (p) < 10.32) obtained after performing 1000 permutation tests. SNPs above the 
significance threshold are significantly associated with lodging while SNPs below the threshold do 
not have a significant association with lodging. 
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Figure 27. Manhattan plot depicting associations between Glycine tomentella specific alleles and 
flowering in lines derived from backcrossing PI 441001 to Dwight. Each dot represents a SNP, with 
the X-axis showing genomic location along the twenty soybean chromosomes and the Y-axis 
showing association level. The horizontal line across the figure is the significance threshold (p-value 
< 1.41 × 10-5 or –log10 (p) < 4.85) obtained after performing 1000 permutation tests. SNPs above the 
significance threshold are significantly associated with flowering while SNPs below the threshold do 
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